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FOREWORD 

spor t  w a s  prepare 
Litchford s under Contract 
t ronics  Res Center, It d 
providing general aviation w i t h  i 
capabi l i t i es  a t  greatly reduced c 

t a t ion  over a decade o r  88. 
i t h  VORTAC and can be r 

Although the views expressed here are those of the  
author, much cred i t  i s  due M r .  Wm. D'Keefe of NASA and Profes- 
s o r  J, A, Pierce of Harvard for encouragement and assistance 
throughout the study of a d i f f i c u l t  subj c t .  AS noted on 
pages A-1 and A-10 the  value of th i s  report  liesl mostly i n  
the improvement of communications among sc i en t i s t s ,  engineers, 
p i l o t s ,  and governmental agencies t o  determine the value of the 
suggest ions contained herein e 

Theoretically, a t  l e a s t ,  it a pears tha t  a national 
savings (government and private  sourceslp to ta l ing  possibly 
several hundred mill ions of do l l a r s  by 1490, can be realized 
i f  the u t i l i z a t i o n  of VLF coordinates f o r  ATC, navigation and 
proximity warning are validated as  feasible.  It w i l l  cost a 
r e l a t ive ly  insignif icant  sum t o  determine the f e a s i b i l i t y  of 
t h i s  concept. A brief summary of a national V&F system5f;s 
available t o  the reader w i t h  l imited time i n  Appendix A, S i m i -  
l a r l y ,  the means suggested t o  ca l ib ra t e  the elusive height da%a 
sensors, so essent ia l  t o  ATC and co l l i s ion  prevention, i s  sug- 

ted ,  What is  now "open-loop" ve r t i ca l  separation measure- 
ments can, w i t h  the concepts given i n  t h i s  report ,  be 
calibrated,  and safe ve r t i ca l  separation can be assurea 
Although selected especially f o r  airspace users that 
t o  employ very-low-cost equipments ( t o  be cooperative w i t h  ATC) 
these techniques are equally applicable t o  a l l  airspace users, 

v i /v i i  



I. INICRODUCTION 

The objective of t h i s  task of Contract NPLS 12-2071 is 
t o  x t t l i n e  the plans f o r  experimentally t e s t ing  the VLF concepts 
of Omega f o r  application t o  general aviation guidance and control 
problems. These plans are presented i n  this  report ,  and t h e  use 
of the rloblique-paralleln nature of the Omega coordinates f o r  
d i rec t  Area Navigation are discussed. The poten t ia l  use of the 
Bell Telephone Laboratories (BTL) tone data-link f o r  reporting 
coordinates t o  the ground o r  t o  other a i r c r a f t  are  a lso examined, 
Automtic posit ion reporting of Omega coordinates f o r  general 
aviation usage can provide air t r a f f i c  control (ATC) data, naviga- 
t i o n  data, as well  as hazard warnings such as, f o r  example, ATC 
conf l ic t s  between like-equipped a i r c ra f t .  
time standard i s  proposed f o r  such functions as a nrol l -cal l"  
concept synchronized each 10 seconds, 

(reference 1) outlined some p o s s i b i l i t i e s  of the use of Omega i n  
general aviation appplications. However, several  other electronic 
applications were discussed i n  the CR-1240 report ,  and t h e  purpose 
of th is  new task i s  t o  expand th i s  area conceptually and analytic- 
a l ly  s o  that ,  when t e s t ing  i s  contemplated, orientation t o  
an overall  system objective w i l l  occur, Recent f l i g h t  demonstra- 
t i o a s  (reference 2) by Professor Richard McFarland of the Univer- 
sity of Ohio using a s m a l l  Bonanza a i r c r a f t  have c lear ly  demon- 
s t ra ted  (under a grant from the U,S. -) the p rac t i ca l i t y  of 
d i rec t ,  simple f ly ing  of Itraw" l i n e  of posi t ion (LOP) data of 
the exis t ing Onega signals,  The output of  an Omega receiver w a s  
connected t o  a course deviation indicator ( C D I ) ,  and the s t a t ions  
of Trinidad and Forestport, R.P,, were used i n  the f l i g h t  demon- 
s t r a t ions  witnessed by NASA personnel and several  others. Undis- 
turbed Omega LOP reception on busy a i rpor t s ,  i n  deep val leys ,  
behind mountains, e t c ,  , indicated some major  potent ia l  advantages 
o f  Omega for general aviation application. 

conferences w i % h  Professor J. A, Pierce o f  Harvard University, 

A national aviation 

A previous preliminary study by Litchford Systems 

Based on the  work performed by Professor McFarland and 
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the  concepts presented in t h i s  report  no 
pract ical  and signif icant  meaning than before these simple f l i g h t  
demonstrations were successfully completed, 
many of the  ideas that can lead t o  an objectiye assessment of a 
UeSp VLF navigation system are r e l a t ive ly  s m a l l ,  However, at 
some stage,  a great  deal of validated data w i l l  be needed pr ior  
t o  any decision t o  take a majdr, national s tep i n  aviat ion 
facilities-namely, configuring a compatible but special  group 
of 3 or 4 TTLF (Omega-type) s ta t ions,  ideal ly  located t o  cover 
the contiguous U.S, area (the or iginal  48 s t a t e s ) ,  

w i t h ,  synchronized w i t h ,  and otherwise not competitive but comple- 
mentary t o  the exis t ing plans f o r  a world-wide in s t a l l a t ion  of 8 
Omega s ta t ions,  
application (ATC) accuracy, lower-cost receivers,  be t te r  "geomet- 
r i c s I o l  simpler receivers,  stronger s ignals  covering 0,s- only, 
l e s s  diurnal e f fec ts ,  etc. ,  would be the goals and advantages of 

The cost  of t e s t ing  

T h i s  addition t o  the Omega system would be compatible 

Improved sampling r a t e s  needed f o r  aviat ion 

( c a l l  it "Omega-Atl) or modified Omega signal. 
The logic behind the specif ic  ground ins ta l la t ions ,  the 

reduction i n  10% sample periods, e t c , ,  require some understanding 
of the "Basic" Omega program, A good or ientat ion on t h i s  subject 
can be obtained f rom reference 3-  Fundamentally, Omega is  a 
system conposed of 8 s ta t ions  around the wor ld  that share time 
on an intermittent-continuous wave (I ,C.Wl)  frequency such as 
10-2 k H x  o r  13,6 kHz, By measuring the phase angle difference 

f o r  exmple, the 1Oe2-lrHz s ignal  from, say, Trinidad 
t from H a w a i i ,  one obtains I I O P ~ S  that are "equa-phasen 

hen the r e l a t ive  phase angle of the two 10,2-kHz tone 
a m e d ,  Since each t ransmit ter  emits f o r  abmt 1 

second, about 10,009 tlzero-phase--crossings" occur, These trans- 
missions are received i n  vehicles & conpared w i t h  a common 
reference s ignal  f o r  phase differences, The long 1-second trans- 
missions are  integrated t o  obtain a precise measurement of  each 
LOP in te rsec t ing  the vehicle posit ion,  T h i s  creates  some time 
delay in processing, since the f resh  samples are  about 10 seconds 

i t h  an in tegra t ion  o f ,  say 3 samples, about 15 t o  
30 seconds of delay can ex is t ,  

2 



For low a i r c r a f t  speeds t h i s  i s  not t o o  serious,  but 

I n  prec ip i ta t ion  s t a t i c  and other 8"noisy" conditions, 
i n  high-speed j e t  a i r c r a f t  special  "rate" measurements are 
needed, 
the integrat ion of the thousands of samples (phase crossings) 
effect ively eliminates these problems according t o  Professor 
Pierce (reference 2 ) .  Some 10 t o  14 years of data recorded at 
Harvard Usiversity i n  Caxbridge, Mass,, confirm the concepts, 
which go back 30 years t o  a Rad=. system, The significance of 
the recent f l i g h t  evaluation of the d i rec t  f ly ing  of an LOP is 
s ignif icant ,  since the many other important advantages of Omega 
fron an operational and user viewpoint seem t o  overcome t h i s  
disadvantage. 
non-convergence of LOP'S, constant heading, constant course 
sens i t iv i ty ,  constant intercept  angles, and Omega nrawyl  LOP 
tracks hundreds of miles long are available without continuous 
frequency an13 course select ion changing as i n  the TOR, 

natural ly  require , an air-to-air separation c r i t e r ion  ex i s t s  
( the oblique-parallel nature of mega), 
lanes based on Omega have the same sens i t i v i ty ,  separation, e tc ,  
One of many VOR l imitat ions is associated with the f a c t  t ha t  the 
origins of some hundreds of polar-coordinate NAV s ignals  are  not 
on a national gr id  but randomly located f o r  local  and often 
ancient reasons- Many disadvantages of VOR and TOR-DME: are 
circumvented by the inherent uniformity of Omega coordinates and 
the uniforinity throughout the nation, I r regular  s ta t ion  spacing, 
character is t ic  of a wide area TOR system, i s  a l imi ta t ion  i n  
Area Navigation. A reading of the  TEEU?S manual (Terminal Instru- 
ment Procedures) w i l l  c lear ly  demonstrate the l imitat ions of 
angular convergence, non-unif ormity of spacing of polar coordi- 
nates, line-of-sight l imited navigation f a c i l i t i e s ,  e tc ,  Simi- 
l a r ly ,  an  PAA report  (reference 4) describes these polar coordi- 
nate l i m i t a t i o n s  

cation t o  general aviation on a national basis ,  Meeting a possi- 
ble  $500 t o  $1,000 pr ice  range f o r  an Omega Area Navigation 

Such Omega features  as e f fec t ive ly  s t ra ight  LOP'S, 

Because the  Omega lanes are  organized as ATPC c r i t e r i a  

Adjacent a i r  t r a f f i c  

Obviously, Omega needs mch  development before appli- 
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receiver and ilisplay 
Such a l o w  cost Omega u n i t  could i n  the future  replace (1) the 
VOR receiver and displays, (2) the DNE transceiver and displays, 
(3) a polar coordinate-to-rectilinear c13uI'se l i n e  computer (CLC), 
and (4) a special  "Area8' display, 
VORTAG elements is  much higher than that; of t h e  airborne elements 
required f o r  an. Omega system, The need t o  run several t e s t s  and 
evaluations i s  evident, The purpose of these t e s t s  and s tudies  
w i l l  be t o  evaluate, quantify, and j u s t i f y  any decision, Other- 
wise, a r a t iona l  decision on Omega's use by general aviation is '  
not obtainable, However, the jmpact of a successful Omega Appli- 
cation t o  U.S. aviation i s  enormous, probably saving b i l l i o n s  of  
d o l l a r s  over 2 t o  3 decades and providing the much needed major 
increase i n  capacity of ATC-Navigation services. 

(including the m i l i t a r y  and the a i r l i n e s ) ,  the undertaking cannot 
be a minor one, 

i f i e s  the goals of such developments, 

The t o t a l  cost  of these f o u r  

Since some 3OO,OOO airspace users m a y  be affected 

A, ECONOMIC ADVAN'PAGE OF VIJ? NAVIGATION OvlER VORWC 
A t  one stage, i f  the new "Omega-A" s t a t i o n s  are in s t a l l ed  

f o r  a U,S--only configuration, conpatible w i t h  the  world-wide 
Omega, then some major expenditures (perhaps as much as 100 m i l -  
l i o n  d o l l a r s )  w i l l  be involved, 
more may be involved in other re la ted  Omega matters, such as 
encouraging t h e  design of a r e a l l y  low-cost receiver display 
w i t h  modular design that i s  sui ted f o r  m a s s  production. Before 
reaching th i s  s ignif icant  decision point (before implementation) ID 

laboratory f l i g h t  t e s t s  must be undertaken, brass boards fabri- 
cated, mozdtoring s tudies  performed, measurements made, etc.5 
t h i s  w i l l  cost probably a few m i l l i o n  dol la rs .  

probleins facing aviation expansion i n  ATC, the  overloading of 
the  VORTAC system and the SSR system are quite likely, 
s ight  f a c i l i t i e s  require ever-increasing numbers of stations t o  

Some several tens  of m i l l i o n s  

However, when one looks ahead 20 years t o  the massive 

Line-of- 

s a t i s f y  the  demands f o r  capacity and e f f i c i en t  airspace usage, 
These f a c i l i t i e s  ill survive but they w i l l  not supply all the  
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new capacity deiuands- An a l te rna t ive  must be found t h a t  can 
eo-exist and is operationally compatible with the VORTAC and 
SS2 (Secondary Surveillance R a d a r )  t o  carry the excess load tha t  
i s  rnostly composed of general aviation, 
capacity improvement by e f f i c i en t  airspace usage can be f i l l e d  
by new Omega concepts based on the pr inciples  established by the 
f l i g h t  t e s t  resu l t s .  If necessary, the Omega airways can be 
exactly on top of a VORTAC airway, However, Omega coverage areas 
are enormous, since Omega can be received anywhere without special ,  
local  ground s t a t ions  ( f o r  the same coveyage 1,600 VORTAC's may' 
be needed), Omega reception a t  any a l t i t ude  from on the surface 
up i s  possible,  ye t  the accuracy is fully checked by ground moni- 
toring. 
could minimize o r  eliminate the continuous VORTAC f l i g h t  checking 
now r e  quire de 

The need f o r  a major 

This VLF charac te r i s t ic  i s  impossible with VORTAC and 

B. ORGANIZATION OF 'EIS ?3EPQRT 
This report  discusses same of the  reasons why the  VOR 

and VORTAC sys tem can create airspace overload, Perhaps this 
occur@ operationally even before overload occurs i n  the e l e c t r i c a l  
sense, which i s  a l s o  possible with DME, 
VORTAC geometric shortcomings, ATC growth m a y  be limited by the 
1nid-1970~~ when new a i rpor t s  and low-altitude coverage require- 

Because of ce r t a in  

ments expose t h i s  constriction, Area Navigation is  over 20 years 
o ld ,  but it is o n l y  now being applied t o  VORTAC; ye t ,  Area EJavi- 
gation may not create the desired r e su l t s ,  since the e r rors  of 
TOR elements are very unpredictable when they m u s t  be considered 
over a f u l l  360 degrees of navigational coverage, 

tored and flight-inspected frequently t o  keep them i n  alignment, 
Thus, only about 10 percent of the area cover of a VOR i s  ever 
used. The e r ro r s  can be controlled on these few selected TOR 
rad ia l s ,  Once the use of 360 radials i s  authorized (as i n  refer- 
ence 4), each required t o  be exactly 1 degree f romthe  other f o r  
full Area Navigation coverage and applied t o  p a r a l l e l  a i  
terminal approach, e tc , ,  TOR problems w i l l  obviously sho 

Today we use only selected TOR radials t h a t  a re  moni- 
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We w i l l  a l s o  discuss some of the p i l o t  display problems 
and solutions when Omega is  used f o r  general aviation a i r c r a f t !  
furthermore some of the national i n s t a l l a t ion  problems a re  out- 
l ined of an "Omega A$' system f o r  the U-S,-only coverage, Pinally,  
some detai led t e s t s  evaluations, s tudies ,  e t c ,  w i l l  be suggested 
as a xteans of s t a r t i n g  a c r i t i c a l  examination of technical and 
cost  areas t o  j u s t i f y  o r  void a large s tep i n  national planning 
f o r  c i v i l  general aviation f a c i l i t i e s ,  Much of the  t e s t ing  can 
be done w i t h  the exis t ing Omega environment i f  t he  t e s t s  a re  
highly controlled, 

The diurnal e f fec ts  of the VLF pa r t  of the r a d i o  spectrum 
need cautious examination, 
s h i f t  e f f ec t )  f irst  appears as a handicap, but i n  p rac t i ca l  (opera- 
t i ona l  and D C )  usage, diurnal e f f ec t s  may be eliminated much as 
the use of al t imeter (pressure se t t i ng )  reporting eliminates the 
variables i n  height reporting, a l t i t u d e  separations, etc. In 
f a c t ,  the proper use of Different ia l  Omega techniques is  probably 
l e s s  hazardous than the current use of  (d i f f e ren t i a l )  pressure 
a l t i t ude  height determination, An e a r l i e r  portion of t h i s  report  
discusses means t o  a l s o  bring height measurement (ATC v e r t i c a l  
separation by barometric data) under be t t e r  control, 
concepts are fully compatible and the  same system solution can 
suff ice  f o r  both, An automatic diurnal correctiozl signal multi- 
plexed w i t h  t h e  Omega s ignal  i s  a l s o  suggested- 

Thus, this  report  covers a modified Omega (U,S,-only) 
system and t he  reasons the VORTAC system and SSR systems will 
need strong backup f o r  added capacity and complementary support 
in the near future ,  

'Phis aspect of  Omega (the diurnal lane 

The two 

Omega can probably achieve t h i s  

i t h  VORTAC, 
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11, A NATIONAL VLF COORDINATE SYSTBVI FOR ATC BM) NAVIGATIOB 

The exis t ing airways system is f u l l y  predicated on the 
VORTAC system, This system, which w a s  implemented in  the post 
World Var I1 days with VEiF Omnirange (VOR) i n i t i a l l y ,  had only 
r ad ia l  l i n e s  of posit ion tha t  emanated (as  spokes from a wheel hub) 
from selected ground reference points, A so-called "Victor Airway" 
is  the sequential connection of these radials from one s t a t ion  t o  
the next;. 
par t icu lar ly  i n  t h e  l a t e  1940's when ATC problems and the tremen- 
dous growth of general aviation and the a i r l i n e s  as we kn 
today were unheard of,  

Oanirange-DME sgstein (operating a t  L band), s o  t h a t  the two would 
be co-located and the  two airway systems would coincide, This 
second system, known as TACAN, w a s  s t a r t ed  by the m i l i t w  and 
included ( i n  multiplexed s ignal  format) a distance measuring ser- 
vice (DME) function, 
TACBM with VOR (Omnirange) provided a p o l a r  coordinate (or R- 
system. When only the L band (angle-DEE) TACAJ!T i s  used, t h i s  a l s o  
represents an R-€3 system, Since the two systems were co-located 
the polar  coordinate systems coincide and do not conf l ic t  
each other--a very serious worry at the time of the disputes over 
TACAN t h a t  were f i n a l l y  resolved by a so-called VORTAC committee 
tha t  reported a solution t o  cabinet level ,  The obvious c iv i l -  
mil i tary differences were c lear ly  exposed at that time, and the 
compromise solut ion w a s  as auch p o l i t i c a l  as it w a s  technical and 
operational e 

The VORTAC system and par t icu lar ly  the  number of TOR 
s ta t ions  continued t o  grow, The needs f o r  a VOR were probably the 
most i n f luen t i a l  i n  establishing a new navigation f a c i l i t y ,  H 
ever, these needs often were f o r  some localized problem, such as 
a let-down t o  an a i rpor t  o r  a segment of a Victor airway, and 
l i t t l e  overall  national planning of the mul t ip l ic i ty  of overlapping 
polar-coordinate systems w a s  undertaken, The system simply grew 
with each CAA and FAA budget, and it f u l f i l l e d  local  Victor a i  

Such a concept w a s  easy and a t t r ac t ive  t o  i n i t i a t e ,  

About 1955, an agreement w a s  reached t o  co-locate another 

Thus, a combination of the DME portion of 
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a i rpor t ,  and BTC needs i thout thought f o r  such modern innova- 
t i o n s  as k e a  Havigation, arCC vectoring channelization problems 
in te r re la ted  geographic ( l a t i t ude  and 1 ngitude) reference coor- 
dinates between s ta t ions  or anything as comprehensfve as a 
nationally integrated s e t  of navigational coordinates that  could 
be used by all, 

no pa t te rn  such as a r e c t i l i n e a r  gr id  of hundreds of s ta t ions ,  
ere they ever considered i n  t h i s  sense, Had the  spacing 
en the VOR s t a t ions  been constant, or corresponded t o  some 

I n  f a c t ,  the  baselines between the VORTAC s ta t ions  have 

gr id  plan, m a n y  p o s s i b i l i t i e s  would ex is t  f o r  several simple k e a  
Navigation concepts, O n l y  the simple use of  the TOR-radial--that 
i s ,  t o  f l y  toward the s t a t i o n  a f t e r  se lec t ing  a given radial  
(TOR LOP) and then t o  pass over the  s t a t ion  obtaining a sPto-=frorn@f 
indication--a.nd subsequently f ly ing  away f rom the s t a t ion  (on the 
reciprocal o r  perhaps a newly selected r ad ia l )  are the main appli- 
cations, 
the vagaries of propagation a t  these frequencies, A good VOB 
navigational s ignal  (360 degrees of precision angular data) needs 
a reflection-free s i t e ,  Furthermore, the useful  range i s  limited 
by the r a d i o  horizon, Basic TOR i s  simply not capable of supplying 
signals of any qual i ty  at large distances o r  a t  1 al t i tudes ,  

ized use of TOR and VORTAC evolved i n  what i s  hewn as the TEE?J?S, 

Another deterrent t o  t h e  expansion of  VHl? s 

When ATC problems became increasingly serious, a staadard- 

Here, the use of the TOR and DME are described f o r  each localized 
and specif ic  circumstance, For example, a posi t ional  "fix"$ used 
f o r  navigation and ATC reporting, can be defined as two  overlap- 
ping radials f r o m  two TOR s ta t ions ,  These crossing radial LOP'S 
define a t  t h e i r  crossing a posi t ional  f ix  f o r  p i lo t s ,  Aircraft  
on Victor airways m a y  report  passing the f ix,  m a y  be controlled 
t o  (but n o t  beyond) the f ix,  may hold  over the f i x ,  etc,  
and similar means became (and still are) t h e  fundmental and 
basic t o o l s  of ATC, Havigation is the  foundation of ATC, Thus, 
a poor o r  l imited navigational f a c i l i t y  creates  a poor o r  limited 
ATC: system, 

T h i s  
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A-  LIMITATIOXS OF VOR AIRWAYS 
VOR as a basic ATC t o o l  has m a n y  drawbacks f o r  future  

geographical growth t o  cope with increased ATC volume and t o  
serve an increased spectrum of types of airspace users,  I f ,  fo r  
exzxmple, one assimes a 23 degree error  f o r  the VOR (as  the FAA* 
and ICAO do on a nominal basis ,  since e r rors  are  greater i n  some 
cases and l e s s  i n  others) and assumes tha t  the 8 1 f i ~ 9 1  i s  located 
s o  t ha t  it is  10 miles f r o m  one s t a t ion  and 20 miles froa another 
then the f i x  i s  geometrically described s o  that one dimension is 
about twice that of the other (Figure 1)- 

I f  the f i x  is  at 5 Tniles t o  one VOR and 5 miles t o  the 
other, and i f  the geometry of  the  crossing LOP'S i s  optimized 
the llgranularityll of the f ix ing . e r ro r  i s  grea t ly  improved, It 
can be readi ly  shown tha t  t h i s  uncertainty i n  llfixingrl accuracy 
can vary i n  area as much as 100 times, depending on the spacing 
of  the  VOR s ta t ions ,  the angle of the L3P overlapping 9 ' ~ ~ t ~ , * '  and 
other highly var iable  aspects of t h i s  type of navigation and traf- 
f i c  control. 

Since VOR uses a VHF transmission, it i s  limited t o  a 
s h o r t  range of aboxt 30 t o  40 miles depending upon topography and 
geography, Elevated loca l  t e r r a i n  has e f fec ts  such as an obstr-ac- 
t i on  horizon cutoff ,  N o r m a l  r a d i o  horizon ef fec ts  permit re-use 
of the same TOR radio channels well beyond t h e i r  respective VHF 
horizons, b u t  t h i s  r e s u l t s  i n  a r a the r  confused means of channel- 
iza t ion  and usage of the system, This l imi ta t ion  on coverage 
Deans that an area l i k e  New York may contain as many as 40 t o  50 
VOR s ta t ions t o  provide a l l  the future  navigation and ATC services 
f o r  the a rea ' s  growth, 

A s  shown 
r1sectors91 tha t  are 
TOR-DME systems i n  
switch frequencies 

i n  Figure 2 ,  the A'PC system i s  based on control 
defined by ear th  coordinates made up of the 
the area, Thus, a p i l o t  must continuously 
and work on complex geometric relationships 

* See, f o r  example, references 4 and 5 f o r  the  following VOR 
errors :  general aviation un i t s  24.5O, a i r l i n e s  23*lo9 combined 
population of general aviation, a i r l i n e s ,  mil i tary C D I  e r rors  
?3,8°--all e r ror  f igures  are 95% probabili ty o r  2 sigma, 
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t o  obtain reporting "fixes," 
bound by these 1 '~ec tor31  definit ions,  since they a re  essent ia l  t o  
the safety o f  t he  operation, 
cooperative radar equipment on the  ground t o  "interrogate" an 
a i r c r a f t  transponder ( fo r  replying t o  t h e  radar),  t h i s  is a sur- 
veil lance systern t h a t  does not of fe r  any d i rec t  guidance o r  con- 
t r o l  data t o  the p i lo t .  SSR is  a l s o  constrained t o  the geometq 
of t h e  VORTAC navigation system, which i s - t h e  basis  of  ATC, since 
only VORTAC provides t rack and posi t ion information t o  t h e  p i l o t ,  

p le  a i r c r a f t  f o r  e f f ic ien t  and safe  movement i n  a given area, 
Since each control o r  ins t ruct ion must be done r e l a t ive  t o  other 
a i r c r a f t ,  obstructions such as mountains andl t o  desired runway 
approach tracks, ATC nust be defined i n  terms of ground LOP'S, 
radials, ranges, (DME), o r  both, f r o m  the VORTAC network, Thus, 
the VOR angular di lut ions,  the wide var ia t ion i n  accuracy, f ix ing  
dimensions, etc., must be considered i n  ATC, and the conditions 
of l a rge  errors  are most ly  i n  s e r i e s  with the l e a s t  e r ro r  condition 
on a given f l i g h t  track, 

For ATC capacity computations, we can, therefore, not 
assume the best  "fixing" o r  positioning accuracy ( say ,  a t  o i l y  5 
miles from a VORTAC s t a t ion  with a % x % mile f ix ing  accuracy). 
I f  t h i s  accuracy prevailed throughout the ATC area needing added 
capacity, things w o u l d  appear more optimistic o r ,  putt ing it 
another way, t o  ass-ue t h i s  accuracy i n  VOR 4 t o  5 times as many 
s t a t ions  must be added. Otherwise, completely new f a c i l i t i e s ,  
such as PVOR, would be required. Obviously, another 2,030 VOR 
s ta t ions  is  unreasonable, Thus, the future  ATC capacity of VORTAC 
r e s t s  with the multilobe VOR achieving about % degree absolute 
accuracy a t  a l l  azimuths, not merely an r m s  of % degree by ar i th-  
ne t i ca l ly  averaging 360 degrees of data, Thus, assuming a specif- 
i c  routing i n  the  ATC area, say, from a specified Victor a i r w a y  
t o  a specif ic  runway on a specif ic  a i rpor t ,  the a i r c r a f t  w i l l  pass 
through a wide var ia t ion  of f ix ing  accuracies, To control t h i s  
a i r c r a f t  safely and t o  space it  with regard t o  preceding and f o l -  
lowing a i r c r a f t ,  essent ia l ly  the worse ( o r  near worst) case nust 

The ATC ground control i s  s imilar ly  

Although the SSR system uses a 

A i r  Traff ic  Control i s  essent ia l ly  the control of multi- 
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be ass-amed (Figures 3 and 4)- 
of  a i r c r a f t  i n  a given area become excessive with regard t o  t he i r  
a b i l i t y  t o  posit ion and guide themselves s o  as t o  avoid other a i r -  
c r a f t  safely i n  a l l  par t s  of the area. The above example of a 
high accuracy on f ixing (% x 1h mile) must be tenpered with a fix- 
ing e r ror ,  say, a t  30 miles composed of a crossing (second) VOR 
a t  20 miles or about 3 miles by 2 miles i n  dimension, o r  a t o t a l  
of 6 square miles, T h i s  "fixing-error-area" compared t o  the above 
(area) e r ror  o f  0-2 square mile establishes a 2400 percent d i f fe r -  
ence, Basically, i n  ATC where a t rack  traverses a spectrum of 
f ix ing  and navigational accuracies, a l l  t rack control w i l l  prob- 
able assume the 6-square-nile figure ra ther  than the Ibn i l e  
f igure f o r  obvious reasons. AC 90-45 (reference 4) describes 
c lear ly  this  var ia t ion  of positioning accuracy with the a i r c r a f t  
track f r o m  as low as 1 mile t o  as great as 24 miles. 

The f u t w e  growth of the VORTAC concept i n  the next t w o  
o r  three 5ecades i s  severely limited by the operational problem 
of frequent VORTAC r ad io  channel changes, continuous r e se t t i ng  of 
the C D I  f o r  new LOP'S and lack of any standardized pa t te rn  of 
multi-station locations,  line-of-sight, and overhead signal deteri-  
oration. It i s  admittedly doing a respectable job a t  present but, 
as demonstrated by most  theories 02 system capacity, overload and 
intolerable  delays occur with only a s m a l l  increase i n  loading 
when operating i n  the 80 t o  90 percent (of capacity) region. 
Past growth of 20 percent (say, f r o a  60 t o  80 percent of capacity) 
misleads many t o  think another 20 percent of  capacity i s  possible 
beyond 80 percent when, i n  r e a l i t y ,  only chaos and system break- 
down w i l l  occur. 

Otherwise, the spacing and number 

B. VLF-NAVIGATION COMPARED WITH VORTAC NAVIGATION 
We w i l l  examine a complementary concept of introducing 

a new VLF system f o r  use i n  the contiguous United S ta tes  based on 
the experience gained from the Omega system. This new VLF system 
w i l l  extract  t he  bes t  parameters of the Omega world-wide system 
and w i l l  be compatible with both the world-wide Omega and the 
VORTAC concepts i n  an evolutionary manner over the next t w o  t o  
three decades, It fur ther  w i l l  be shown t h a t  for the lowest 
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The area navigation track is illustrated by typical position fixes of 1 to 11. 
Position 1 is determined by VORTAC A (range and angle). 
Five VHF channels as well a s  five L-band channels must be used in pairs 
for accurately tracking fixes such as 1 to 11. 

Position 3 must be determined by AE and AE" coordinates and by VORTAC 
E range and angle data. 
The transition for position 2 to position 3 depends on precise registry of 
VORTACs A and E. 
The area navigation computer must know 4 to 5 digits for each latitude and 
longitude and i t  must know 3-digit numers on all VOR angles. 
The area navigation computer computes a continuous path from two origins, 
each with individual e r r o r s  and random spacing. 
Thus, ten precision 4 to 5-digit numbers for  station spacing must be inserted 
into the a rea  navigation computer a s  well as the track desired in R e  coordinates 
from 5 randomly located polar coordinate sources using 10 different RF 
channel s . 

Figure 3. 
COMPLEXITY OF AREA NAVIGATION USING VORTAC 
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possible user cost ,  general aviat ion (even the lowest cost- air- 
c r a f t )  can be provided f u l l  navigation, automatic ident i ty  report- 
ing, automatic posi t ion reporting, and some form of proximity 
warning. A l l  t h i s  information w i l l  be derived f rom VLF coordi- 
nates i n  a total-system approach t h a t  i s  compatible with national 
plans f o r  extended, centralized, ground-based ATC authsr i ty ,  
Both the a i r l i n e s  and general aviation can u t i l i z e  the dual LF/ 
VORTAC concept i n  harmoqy, creating an  overall  marked increase 
i n  usable airspace and ATC capacity, and m2king allowance f o r  
growth i n  the populations of a l l  users  of the airspace. Thousands 
of s m a l l  a i rpo r t s  w i l l  have improved services with the VLF "all- 
a l t i t ude"  coverage. 
5,000 a i r l i ne  a i r c r a f t  t h a t  are projected fo r  the 1985-1990 time 
fraae require -urgent action i n  the ear ly  1970's since extensive, 
p o l i t i c a l l y  complex and long development and implementation cycles 
ex is t  f o r  such navigational f a c i l i t i e s ,  

Although VOR can be improved (as i s  now under way with 
the doppler techniques, s t a t e  of the art antennas, multi-lobe, 
azimuthal pat terns ,  ve r t i ca l  d i r ec t iv i ty ,  and s i m i l a r  techniques 
f o r  improved angular accuracy), the f a c t  renains that some 1,200, 
1,600, o r  perhaps even 2,000 s ta t ions  w i l l  possibly be needed by 
1990 t o  "cover1I the nation adequately, This i s  an enormous burden 
t o  carry forever since operation, t e s t ing ,  modernization, e tc , ,  
0% each and every s t a t ion  has occurred i n  the pas t  and w i l l  con- 
t inue in  the future ,  An enormous annual VORTAC operating and 
maintenance c o s t  already exis ts .  The cos ts  f o r  modernizing and 
relocating exis t ing VORTAC's, adding new VORTAC's, and the annual 
maintenance and f l i g h t  t e s t  f igures  (projected f o r  two t o  th ree  
decades) can amount t o  several b i l l i o n  dollars, 

the en t i re  United S ta tes  can be blanketed with redundant naviga- 
t i o n  data consisting of 5 t o  6 LOP'S (actual ly  only 2 are neces- 
sary).  The Omega coordinates ( loca l ly)  have a constant granular- 
ity, of fe r  s inple ,  d i r ec t  LOP f lying,  and avoid channelization 
problems; furthermore, they cost  the general aviation a i r c r a f t  
about $? the  VORTAC costs (see Figure 5 f o r  a summary coxtparison). 

The 3OO,OOO general aviation and perhaps 

With but 4 properly located VLF navigation s ta t ions ,  
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Reducing the  needs f o r  the expansion and modernization of VORTAC 
t o  only essent ia l  ones (say, 400 s ta t ions)  and taking up the 
slack w i t h  VIJ? Omega ca31 create large savings, increased capacity, 
and ease the t t c r i s i s r t  of general aviation. We w i l l  examine some 
of these v i r tues  of the VLF concepts short ly ,  but we shoald f i rs t  
look at the d e t a i l s  of wide scale implementation of VORWC con- 
cepts. 

C. AREA NAVIGATION USING V O R U C  
For many years, polar coordinate "converters" o r  comput- 

e r s  have been b u i l t  t ha t  w i l l  modify the range and angle data 
from the point source of the VORTAC s t a t ion  in to  any f l i g h t  t rack  
o r  course l i ne  t h a t  may be desirable. These have appeared i n  the 
form of nCourse-Line Computers" (CLC), p i c t o r i a l  displays, R-0 
converters, and such trade nanes as VAC (Vector Analog Computer), 
and ttOmnitrack.tt I n  each case the following general elements are  
essent ia l  i n  addition t o  the  basic VOR receiver i n  the a i r c r a f t .  

I 
An airborne distance measurement equipment (DME), con- 

s i s t i n g  of  an L band transmitter and an L band receiver with 
crystal-controlled channelization f o r  about 80 stations.  These 
s ta t ions  must be interlocked with VOR channelization s o  t ha t  
range and angle come froin the same ground point. To supply DME 
service, & added ground element i s  placed at  every VOR consisting 
of a complex high-power L band transmitter-modulator-antenna com- 
bination. 

I1 
An airborne range-angle computer t h a t  is  i n  the f o r m  

of a small d i g i t a l  computer o r  an analog-servomotor systen, This 
VORTAC Area Navigation element, though it appears t o  be simple, 
i s  complicated by the f a c t  t h a t  the angular er rors  mst be tempered 
somewhat with range and t h a t  the coordinate posit ions of each 
VORTAC ground f a c i l i t y  must be inser ted exactly i f  it is t o  be 
re la ted  t o  any other ground reference points 
two o r  more VORTAC s ta t ions  t o  each other). 
on computer-defined airways requires complex 

(sach as referencing 
Approaching a i rpor t s  
geometric referencing 
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and computing. This r e s u l t s  i n  a somewhat conplicated and 
costly airborne R-8 computer device. A very l o w  cost CLC s e l l s  
i n  the region of $3,000, a cost t o  which must be added a VOR 
receiver display and DME interrogator display element (see Figure 

5). 
I11 

Pi lo t  display of VORTAC area information i s  not as 
simple as the display of VOR info.rmation, since i n  Area Naviga- 
t i on  an en t i r e  area i s  usually displayed ra ther  than a simple 
display of Victor airway track deviation which i s  possible i n  
the normal cockpit instruaent typ i f ied  by the omni-beam indicator 
( O B I )  and the course deviation indicator ( C D I )  ( I D - 2 4 9  and I D - 2 5 0 ) .  
Normally, a servo-driven map-chart display ( o r  other complex 
display media) i s  u t i l i zed  for VORTAC Area Navigation--f o r  example, 
back-projection screens, CRT, etc.  

I V  
Only computer track data i s  displayed i n  the Area Navi- 

gation display f o r  the p i l o t  t o  follow. ''Raw" data must a l s o  be 
r3isplayed t o  him t o  avoid possible computing errors  and t o  assure 
the va l id i ty  of inputs t o  the CLC. This c red ib i l i t y  assurance 
requires a VOR " r a w "  display, DME %aw'' display, channelization 
of  VOX, channelization o f  DME, and some form of t e s t  sigma1 t o  
assare t h a t  t h i s  combinatiion of some 10 elements i s  working. For 
safety reasons a f a i l u r e  of even one element cannot be perinitted 
i n  Area Navigation. To detect a f a i l u r e  immediately, r a w  VOR-DME 
and course data are as essent ia l  as the Area Navigation d i s p l q .  
It i s  l i k e l y  t h a t  i n  dense t r a f f i c  I F R  authorizations dual DME, 
dual TOR, and dual coaputers w i l l  be required for p i l o t  convenience 
i n  going f rom one VORTAC t o  another without loss o f  t rack  guidance 
o r  i n  case a f a i l u r e  of any of the 3 c r i t i c a l  elements occurs. 

These four additional elements required for converting 
the simple VOR system in to  an "Area Navigation system" are  i n  
r e a l i t y  only a localized-Area-Navigation system versus a wide- 
Area-Navigation system (such as we w i l l  examine shortly).  The 
ground and airborne equipaent costs of VORTAC Area Navigation 



and compatible Area Navigation ATC equipments prohibi t  the 
majority of general aviat ion from benefit ing from t h e i r  use. 
This i s  l i ke ly  t o  reinain s o  indefini te ly ,  creating a dilemma 
because ''area" usage ra ther  than "radial-only" usage i s  necessary 
t o  increase ATC capacity on a national basis. 

can 'be purchased f o r  around $700, the  DME i s  i n  the  $1,500 cate- 
gory by the time it is  in s t a l l ed  and locked t o  the VOR channeliza- 
t i o n  scheme,, 
the $3,090 t o  $5,000 region. This i s  based on such simple d i s p l w  
products as the  VAC, which typ i f i e s  probably one o f  the lowest-cost 
and rather ingenious approaches. Once Area Navigation i s  widely 
used, dual  VOR and dual DME w i l l  be required f o r  adequate opera- 
t i ona l  f l e x i b i l i t y  and t o  assure a recovery of an  a i r c r a f t  i n  
closely spaced ;multiple a i r c r a f t  s i tuat ions.  Furthermore, i f  
multi-lobe VOR transmission i s  eventually required t o  obtain b e t t e r  
accuracy, t h i s  w i l l  require additional airborne equipments and 
possibly new VOR receivers of greater  cost  and conplexity. Essen- 
t i a l l y ,  the general aviat ion p i l o t  and/or owner w i l l  have t o  pay 
a pr ice  of about 5 t o  10 times the cost of VOR-only t o  enter and 
enjoy the benefi ts  of VORTAC Area Navigation and ATC. The SSR 
transponder (ground surveillance and proximity warning) can be 
even more valuable i n  ATC and costs about $1,000. 

Although a good VOR receiver f o r  general aviation use 

The computer element i s  another cost ly  item, i n  

This high cost of  expanding the capacity of ATC by 
means of Area Navigation and SSR is  completely acceptable t o  the 
a i r l i n e s  because it of fers  greater u t i l i t y  of the  a i r c r a f t  and 
the airspace; furthermore, greater safety and expedition is  
offered by t h e  ATC authority t o  those who use the three additional 
Area Navigation elements ( i n  addition t o  the VOR). An airframe 
cost of 4 t o  20 mill ion d o l l a r s  can j u s t i f y  several  of these 
additional features  i n  the avionics, because some rewards and 
benefits  come froln each added cost. By 1980, a i r l i n e  electronics 
may cost about $759,000 per a i rcraf t .*  An owner of an airframe 

~ 

* Page 262 o f  t he  1969 House Hearings on Aviation F a c i l i t i e s  
Maintenance and Development. 
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costing l e s s  than $15,030 cannot j u s t i f y  an additional $8,003 
t o  $10,009 t o  i n s t a l l  Area Navigation equipment based on VORTAC, 
because it i s  not economically viable i n  rnost cases, It i s  prob- 
able t h a t  features  i n  addition t o  Area Navigation [ATC, Ident i f i -  
cation, altitude-reporting, proximity warning of nearby a i r c r a f t  
(PdI), etcd 
borne avionics u n i t  using modern, t o t a l  system concepts that  w i l l  
produce i n  an a i r c r a f t  services capable of a l l  these functions i n  
the cost region of  from $1,000 to.$5,000. 
would cost possibly $1,000 t o  $2,003, 

can be engineered into an integrated, s ingle ,  air- 

A limited basic  uni t  

D. AVOIDANCE OF "SI$NT-'RANGE VORTAC ERRORS" WITH - VLF NAVIGATIOX 
Another in te res t ing  by-product of the VI,€? national 

navigation system proposed i n  t h i s  report  i s  the avoidance of the 
complexities of correcting VORTAC slant-range errors, Since the 
DME portion of VORTAC measures only slant-range, the computed 
Area Navigation airways ( a t  high o r  medium a l t i t udes )  tha t  come 
near the s t a t i o n  a re  i n  error ,  Reference 4 requires the elirnina- 
t i on  o f  slant-range error  i n  the design of the CLC o r  Area Naviga- 
t i on  displays. This i n fe r s  a three-dimensional coaputation since, 
i n  addition t o  VOR and DME data, height data must be entered into 
the computation of the horizontal track position. 

a l t i t udes  as well  as on the surface. There m a y  be some s l i g h t  
v e r t i c a l  curvatare of a VLF posi t ion s ignal ;  t h i s  e r ror ,  however, 
w i l l  be far l e s s  than, say ,  the  4 miles of slant-range DME e r ror  
created by an a i r c r a f t  passing over a VORTAC s t a t ion  at an a l t i -  
tude o f  24,003 f ee t .  Even i n  the general aviation CLC design, 
t h i s  VORTAC correctioii must be included by 1971. I n  VLF LOP 
f lying,  there i s  no requirenent for correcting slant-range errors. 
This i s  done because these errors  do not ex is t  i n  the same geo- 
metric sense--that is ,  i n  VORTAC the e r rors  vary considerably 
with a l t i t ude  and posi t ion and a re  complicated by a mul t ip l ic i ty  
of individual referencing points. I n  f a c t ,  the "d i f fe ren t ia l ,  'I 

"composite, I' o r  the "centralizedt1 automatic diurnal correct iors  
of VLF navigation data will compensate f o r  a l l  e r rors  i n  the 

With VLF, the s ignals  are effect ively the same at  a l l  
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system on a t o t a l  national basis-  
complication 3f VORTAC, 

Thus, VLF avoids t h i s  serio-Js 

E- THE DILEMMA. OF VORTAC EX€!!SION AND LONG-TERM FUTURE USAGE 
Every e f fo r t  m u s t  be made t o  sustain the  present VORTAC 

system and even t o  r e t a i n  it as a complementary system i n  the 
future.  Cr i t ic iz ing  VORTAC does not i n f e r  i ts  destruction but 
illuminates i t s  limitations--limitations tha t  must be supplemented 
by other more productive and l e s s  cost ly  means. However, with 
the previously discussed l imitat ions and others not detailed hers 
(such as the  f a c t  t ha t  no new VHF channels can be made available),  
the future growth and commitment t o  t h i s  f a c i l i t y  f o r  another two 
t o  three decades i s  o3viously limited. It w i l l  take a t  l e a s t  5 
t o  10 years a f t e r  the decision has been made t o  implement a new 
service before t h i s  service (such as a new nat ional  VLF f a c i l i t y )  
w i l l  become operational, However, hopefully, the VOR and VOWAC 
with some limited modernization c m  carry the  load u n t i l  then, 

long-term future  usage, the  concept of "queuing-theory" delay 
m u s t  be ident i f ied,  Essentially,  t h i s  well-known concept s t a t e s  
t ha t  d e l a p  o r  denial  of service a t  a t r a f f i c  load which is  90 
percent of capacity w i l l  be aaqy times those experienced at  70 
percent of capacity--that i s ,  as .the f u l l  VORTAC Area Navigation 
system capacity i s  approached, the denials and delays do not 
increase l i nea r ly  but r i s e  a t  astronomical, compounded r a t e s  
near 90 t o  95 percent of capacity. The system breaks down as 
far as i t s  design capacity i s  concerned when demand approaches 
the f u l l  capacity of the system, There are well known mathemat- 
i c a l  analyses of similar systems, well validated by sad experi- 
ences. Telephone exchanges, a i rports ,  tunnels, highwap, etc., 
c lear ly  demonstrate t h i s  phenomenon; thus, it cannot be avoided 
by regulation but only by t o t a l  system planning with m a j o r  increases 
i n  capacity. Accuracy, coverage , channelization, costs , complexity, 
and number of  ground ins t a l l a t ions  a l l  combine t o  l i m i t  the prac- 
t i c a l  , real izable  capacity of VORTAC. 

To f u l l y  understand the dilemma of VORlpAC expansion and 

However, many planners and r e q l a t o r s  do not r ea l i ze  
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these f a c t s  or assume t h a t  soaehow they w i l l  be voided i n  t h e i r  
par t icu lar  instance, This w i l l  not be the case i n  aviation use 
of VORTAC because i t s  def in i t ion  of the  airspace, i t s  geonetric 
l imitat ions,  nmbey of  possible radio channels, propagation char- 
ac t e r i s t i c s ,  e t c , ,  have ident i f iab le  l inits  tha t  w i l l  probably 
be exceeded by even the 1970-1980 projections o f  aviatlon growth. 
The increase i n  air  t r a f f i c  of 300 2ercent can sinply not be 
handled e f f i c i en t ly  without excessive del3y w i t h  sJch a system 
as VORTAC, and a supplemental and complemextary system mus t ,  
therefore,  be introduced. 

and usage can eas i ly  be 5 t o  10 gears,  an immediate search for a 
new, high-capacity f a c i l i t y  without these various sons t ra in ts  on 
growth nust be undertaken on a large scale ,  commensurate w i t h  the  
obvious pena l t ies  i f  such a fac i l i ty  is  no% provided. This implies 
a s ingle ,  ident i f iab le  program costing perhaps a few mill ion 
dol la rs  per year f o r  development. Implementation costs  o f  100 
mill ion d o l l a r s  f o r  5 KLF-Navigation ground f a c i l i t i e s  would be 
a s m a l l  f r a c t i o n  of  the cost  of mo3ernizing 1,000 t o  2,000 VORTAC 
s ta t ions  over the next two decades, 

Since the time it takes for developnent, implementation, 

F. INTEGRATION OF VOR AND VLF OWGA FOR G-AL AVIATION 
The large-capacity Omega navigation f a c i l i t y  (operating 

a t  VLF and costing l e s s  than $2,000 t o  $5,000 for the airborne 
equipment impleaentation i n  s m a l l ,  general aviat ion a i r c r a f t )  
o f fe rs  another national LOP system f o r  providing f ixed navigation 
and guidance t o  in tegra te  the randomly dispersed VOR s ta t ions  s o  
they could a l l  be t i e d  together in  a national gr id  o r  l a t t i c e ,  
Effectively,  the VLF-Oaega llA'l (new, U,S.-only, 4-station system) 
w i l l  provide the function of the current DME with silperior perform- 
ance and without many of the  DME's l imi ta t ions  (pulse loading, 
channelization, lobing, line-of-sight operation, interference,  
e tc , ) .  Once ins ta l led ,  t h i s  VLF l a t t i c e  (coordinates) would be 
monitored and controlled by so-called "d i f fe ren t ia l"  o r  l'composite" 
techniques using the interlocked VOR system voice channel t o  
eliminate the d iuraa l  s h i f t  o f  the l a t t i c e  on an integrated 
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national basis ,  
the phase-coded message f o r  automating t h i s  diurnal data; thus, 
a l l  receivers o r  a l l  d i f f e ren t i a l  sources could be corrected 
f rom one central  point i n  the nation, The percentage of diurnal 
s h i f t  i n  10 min-iltes i s  r e l a t ive ly  l e s s  important than the percent- 
age of s h i f t  of t he  barometrically defined ve r t i ca l  separation 
c r i t e r i a .  

A cent ra l ly  located V U ?  s t a t i o n  could provide 

The -use of co~tinuo;ls,  barometric corrections f o r  pro- 
viding ver t ical  separation i s  an exact equivalency of the VLF 
d i f f e r e z t i a l  system. Both can be eas i ly  corrected by voice o r  
alutomatically i n  the new system concept. Certainly v e r t i c a l  sepa- 
r a t ion  w i l l  remain the greatest  t o o l  in the  inventory of ATC 
devices fo r  the control and safe  separation of a i r c ra f t ,  A l t i -  
tude monitoring and operation of the V W  system would both be 
semi-autoaatic t o  eliminate the known variat ions that exis t .  
Outlines of t h i s  technique and programs t o  t e s t  and develop the 
optimum meaxls f o r  implementing them w i l l  be discussed, However, 
a national manual (non-automatic) condition can be nade by using 
a simple Omega receiver at each TOR s ta t ion.  This reading w c m l d  
provide periodic (every few minutes) corrections orally o r  elec- 
t r i c a l l y ,  whichever i s  desired. 

and supplemented with a low cost (equivalence of a VOR receiver) 
VLF Omega receiver. This added u n i t  w i l l  then provide an equiva- 
lence of a dual VOR and a DKE and w i l l  use the  national time- 
sequencing of mega s ta t ions ,  relayed on VOR f o r  cer ta in  functions, 
f o r  a llto-talll timing. Such a system concept permits the use of 
l l rol l -cal l"  i den t i ty  and a i r c r a f t  reports  (using VBF tone data) 
of  a l t i t ude  and position. Furthermore, with the  use of these 

Thus,  the  VOR should be retained by general aviation 

combined Iknega-VOR coordinates, a simple €VI w i l l  be provided 
as possibly a sui table  low-cost co l l i s ion  avoidance system. 

Air- to-air  signaling t o  maintain optimum separation 
on common tracks,  though not a Pi1 o r  CAS function as such, i s  
s t i l l  very effect ive i n  adding capacity by eliminating today's 
complex "rate" and flow control techniques t h a t  are  ine f f i c i en t  
i n  airspace and radio spectrum consumption, These two (VOR and 
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D-ega) concepts are mere elements of  a la rger  ' ' t o t a l "  ATC system 
plan including new landing systems and other elements and auss 
a l l  be ta i lored  t o  t h i s  erd. No s ingle  eleaent ca;? be cansidered 
an end item i n  i t s e l f  with i t s  objective being a s igni f icant  change 
i n  the nat ional  ATC-IFR system and f a c i l i t i e s .  

Furthermore, the co l l i s ion  avoidance syskem's development 
t o  date tha t  f o l l o w s  the present ly  accepted technique (reference 
6) has no  d i rec t  coordixate t i e s  with any ex is t ing  earth- 
referenced system. Just  as the ansrine f i e l d  has learned through 
years of  abortive attempts, the addition of the aar ine co l l i s ion  
avoidance system (marine radar) has only added t o  th.e t o t a l  
number of co l l i s ions  of a l l  types, an3 the annual r a t e  of 1,709 
col l i s ions  a year or a 7 percent annual r a t e  persis-ts.  Leaders 
in amine  t r a f f i c  control now recommend shore-bass3d, earth- 
r e f e r e x e d  sys tem wherever possible. Although such a n  exorbi- 
t an t  r a t e  of co l l i s ion  i s  scceptable i n  the marine f i e l d ,  i t  
cannot be accepted -by aviation. The r e l a t ing  of the f l u i d  coor- 
dinates of a vehicular pa i r  ( i n  proximity conditions) t o  ear th  
references as an inherent pa r t  of any FdI concept i s  essent ia l .  
IWI, or arly "air-to-air" signaling ( the l a t t e r  being more descrip- 
t i v e ) ,  must  t i e  d i r ec t ly  t o  the ATC system and be a supplemental 
cockpit check or coordinat3 aid t o  t he  ATC system. 

i s  iapossible t o  achieve withollt a comnon national coordinate 
systea t h a t  r e l a t e s  each a i r c r a f t  t o  the other. This coordinate 
system a l s o  t i e s  track, altitiJde, and intent ions into an overal l  
ATC system, permitting d i rec t  air-to-air cheeks on spacing 
between a i r c r a f t  as w e l l  as central ized ground control  checks. 
This j o i n t  function, i f  accepted f o r ,  say, air-to-air spazing on 
comuon t racks,  must be an inbegral par t  of  the  new ATC system, 
but i s  no3 now possible with the  hundreds of uncoordinated VORTAC's. 

This objective (as  i n  the case of the marine experience) 

It i s  resd i ly  possible with a natioiial gr id  of oblique- 
pa ra l l e l  l a t t i c e  l i nes  with constant spacing, constant geomecrics, 
constant L3P crossings, and coas tmt  granular i ty  t o  provide t h i s  
wide area t r a f f i c  coordination. Every coordinate point i s  re la ted 
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d i rec t ly  t o  every other coordinate point without going through 
complex airborne o r  ground-relayed coordinate conversion. This 
overcomes the problem o f  r e l a t ing  air  t r a f f i c  movements using 
VOR 1 t o  t r a f f i c  on VOR 2 tha t  cross o r  come i n  proximity with 
each other, because no two VOR's are spazed o r  aligned l i ke  a q y  
other 2 VOR's .  A l l  TOR p a i r s  d i f f e r  f r o m  one another. A complex 
pair-to-pair TORTAC coordinate conversion i s  needed since s t a t i o n  
location, baseline spacings, e t c , ,  are not now pa r t  of the  VORTAC 
data usable i n  the cockpit. Thus, a major  point i n  considering 
the future of VORTAC i s  t h a t  these much-neede.5 new functions do 
not appear as p a r t  of the current VORTAC systein because it grew 
over the las t  20 years " l ike To2s j t1  with l i t t l e  overall ,  t o t a l -  
area navigation and control planning * 

becaxss the obvious 1975-1985 ATC c r i s i s  t ha t  we clear ly  ant ic i -  
pate today-created by 203,000 limited I F R  general aviat ioa air- 
c r a f t ,  over 1,000 jumbo j e t s ,  and some 6,000 conventional jets-- 
w a s  not evident i n  1945-1955. Thus, t he  15 t o  25 year old deci- 
sioas of 1945-1955 have actually served well, a d  they can be par- 
t i a l l y  extended but lnust be supplemented with new national a i r  
t r a f f i c  guidance and control concepts with =ore of a "total-system" 
approach t o  encompass the ATC, CAS, WI, ident i f ica t ion ,  a l t i t ude  
reporting, etc., needs of a l l  the abspace  users,  including 100,000 
t o  200,000 s m a l l  general aviation a i r c r a f t ,  not j u s t  the a i r l ines .  
The concepts berein detai led have t h i s  as t h e i r  objective. They 
admittedly require a great deal o f  f i e l d  tes t ing ,  "brass-boardl' 
engineering, and t h e o x t i c a l  stuQ and analysis of t h e i r  future  
value 

Application of a national coordinate system i n  ATC t o  
a i r l i n e r s  as well  as general aviation must 'be considered, because 
airspace conflicts can occur between these two c lasses  as well as 
between meabers of each class.  The useful  IFR airspace is  now 
approaching l i m i t a t i o a s  t h a t  suggest t h a t  a t r a f f i c  growth of 
even a small f rac t ion  (much l e s s  than the 390 percent projected) 
w i l l  r e s u l t  in airspace saturat ion as now defined by TERPS o r  
the AC 90-45 documents (reference 4). Regulatory efforts 

This i s  r o t  t o  be c r i t i c a l  of past  VOR'PAC decisioxs, 
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r e s t r i c t i n g  the largest  number of a i r c r a f t  ( the unwanted majority, 
as someone has cal led them) may take place with unnecessary 
p o l i t i c a l  aril safety consequences, 

month f o r  the ATC surveillance function, an imbalance between 
Area Navigation capacity and sllrveillsnce can occur as a i r s - a c e  
(posi t ioaal  uncertainty) i s  more accurately defined by SSR than 
by VORTAC. Without az equivalent , companion, high-capacity, 
superior coordinate system, adequate 
tracks cannot be defined using coordinates that  converge, vary 
two orders of magnitude i n  accuracy and do not conform t o  any uni- 
form dis t r ibu t ion  of  multiple VOXICAC spacing o f  ground f a c i l i t i e s .  

With general aviation acquiring 1,500 trarsponders a 

multiple, separated f l i g h t  

G. INTEGRATED VLF NAVIGATION WITH VORTAC OFF= MAXIMUM CaST 
BISNEFITS 

Assuming tha t  the present airspace usage i n  any area 
such as the Northeast Corridor (4 t o  5 such areas ex i s t  todqy), 
which s t re tches  from abo-se Boston t o  Selow Washington, t yp i f i e s  
nost future  nat ional  problens, plans nust provide f o r  integrated 
ATC coverage and lnaximm use of the airspace by a l l  users  a t  a l l  
a l t i t udes  t o  mere13 neet a i r  t r a f f i c  capacity demand safely. This 
dense area now has 2erbaps 100 70R's o r  V O R U C ' s  which are  randomly 
located with respect t o  each other, and each with varying accuracy 
and coverage. To u t i l i z e  these 100 o3d VORTAC's i n  any ''area'' 
concept r e s u l t s  i n  geometrically Q i n g  the i r  coordinates in to  a 
most cos t ly  network (both) as far as airborne equipqents and 
ground ins t a l l a t ions  are concerned. (Adding the three additional 
airborne elements t o  VOR gives a t o t a l  o f  f i v e  elements f o r  
Area Bavigation, Similarly, the  addition of Doppler o r  multi- 
lobe precision VOR ground f a c i l i t i e s  provides angular accuracy 
within usable tolerances.) This VORTAC Area Navigatioa solution 
c a l d  eas i ly  cost far  more than the VLF solution, since hundreds 
o f  ground s ta t ions  (doppler, VOR'PAC, and tens of thousands of 
airborne in s t a l l a t ions )  are involved. 

The expendit-axes (government and priva-be) t o  extend 
the BOR!TAC t o  full-area coverage concepts w i l l  thus cost much 
more than the VLF concept herein saggested, and ye t  leave the 
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high r i s k  of VORTAC system overload, pulse density, saturat ion 
shortage o f  channels, e tc ,  , along with a very clumsy coordinate 
system. One t o  two thousand independent s i t e s  do not make f o r  
good p l m i n g ,  

inves-bent in VORTAC modernization occurs (with most  o f  it pr i -  
vately financed by purchasing the f o u r  new Area Navigation ele- 
ments), a plaa be considered t o  leave the VORTAC tlas-is,'l Instead, 
new capacity i s  t o  be provided by using a "total-area" Area Navi- 
gation concept, such as Oaega 8 ,  which must be exhaustively 
tes ted  first, Majo r  c o s t  savings can azcrue tha t  represent b i l -  
l ions  of do l l am w e r  the 1975 t o  1990 t i n e  period, This avoids 
the cost ly  modernization of VORTAC and l i m i t s  the t o t a l  s i t e s  -to 
perhaps 430 t o  500, 

It is  suggested t h a t  before ?Ais massive national 

It i s  expected t h a t  the "proof of concept" of the  VLF 
system and i t s  integration with existing, not modernized, VOR can 
be determined f o r  a r e l a t ive ly  szall cost  i n  the imed ia t e  future ,  
since the basic type of Omega VLF s ignals  ex is t  already and cover 
the en t i re  Eastern Seaboard of the United States ,  The New York- 
Trinidad LOP'S t ha t  operate at  13-6 Ute typify t h e  type of s ignals  
t h a t  c w l d  be provided over the en t i r e  United S ta tes  by optimizing 
all we know now about the vI;F concepts. Tests of automatic 
diurnal correction could be readi ly  implemented on the  exis t ing 
Trinidad-Forestport pa i r ,  because about 50 percent dead time 
currently ex i s t s  i n  the format ,  Based on the gears of Omega 
experience and data collection, maqy improvements i n  a U.S,-oaly 
Omega are  possible, Professor Pierce of Harvard, the  pioneer of 
Oaega and u t i l i z a t i o n  of these VLF frequezzies, has laboratory 
and f i e l d  t e s t  r e s u l t s  indicating t h a t  most of the VLF problems 
have now been solved, and t h a t  not oaly w i l l  the  world-wide appli- 
catio-a of  VLF-navigatioa be quite successful, but a new, comple- 
nnentary, U.S.-only VLF chain based on Olnega pr inciples  would be 
possible, Much stronger signals,  reduced diurnal e f fec ts ,  b e t t e r  
LOP crossing angles, d i f f e ren t i a l ly  corrected data, and a more 
frequent posi t ional  updating are the main improvements. 
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H. "TIME-OF-ARRIVAL" CONCEPTS IJPTEGRATED WITH OMEGA 
Since Omega VLF navigation sig.nals use a conmon time 

standard f o r  a l l  a i r c r a f t  and a l l  ground uni t s ,  it is possible 
fo r  the ground t o  receive a n  a i r c r a f t  transmission t h a t  i s  sepa- 
r a t e ly  and individually contained in  a given time-slot ( say ,  a 
lO-millisecon3 slot o r  a 4O-;nillisecond slot for the  BTL-VHF 
Data Link). Uti l iz ing multiple, s p l i t  s i t e s  on the surface, it 
is  possible t o  es tabl ish the location (or igin)  of  t h i s  enission. 
A l l  other emissions i n  other time s l o t s  are  s imilar ly  measured. 
Although a l t i t ude  cannot be measured i n  t h i s  wa;y (because " t h e -  
of-arrival" concepts are not sui ted f o r  v e r t i c a l  geometric reasons), 
an independent l a t e r a l  posi t ion determination i s  Inost p rac t ica l ,  
The time-of-arrival of the a i r c r a f t  s ignal  a t ,  say,  three dis- 
persed s i t e s  will be different  a t  each o f  the s i t e s  (Figure 6). 

The time TI t o  S 1  w i l l  depend on the distance between 
Si and the a i r c r a f t ;  similarly,  the times of a r r i v a l  a t  S3 and S2 

w i l l  each be independently determined by t h e i r  respective distances, 
T3 + T2,  t o  the emitting a i r c ra f t .  
tone-coded s ignal  such as -the BTL is  probably excellent)  i s  re- 
ceived, the three phass comparisons of t h i s  multi-tone s ignal  a t  
a common point permit the computation o f  T i  - T2, T2 - T3, T 3  - T1, 
etc., t o  take place by means of a compater. S i t e s  S i ,  S2, and S 3  
can be -tied t o  the colnputer by landwires, preserving s ignal  phase 
in tegr i ty .  These multiple time difference coinputations w i l l  
supply a single,  unique solution, which i s  the exact location 
o f  the  emitting a i r c ra f t .  Time-sharing -wing time s l o t s  permits 
separate posi t ional  measurements on about 50 t o  100 a i r c r a f t  
per each VHF channel. 

and d l t i tude  data, 
differences of three a r r iva l s )  compxtations can independently 
check the LOP data t o  assure it is correct and within give2 o r  
established tolerances. Airborne equipment errors ,  data encoding 
errors ,  d i f f e r e n t i a l  s e t t i ng  errors, e tc , ,  are thus a l l  independ- 
ently checked, This is  a llsemi-sur'veillancerl system concept 
nuch l i k e  the  SXR, but it could  complement t h e  SSR transponder 
concepts by reducing some of the  future  t r a f f i c  load ,  The use 

If a t o a e  s igna l  ( a  t r i p l e  

The a i r c r a f t  emission a l s o  contains Omega LOP, identity-, 
Thus, the time-of-arrival (actual ly  t h e  time 
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of time-of-arrival redundancy of SSR signals  is  not adequate 
because two a i r c r a f t  can t r a n s m i t  at the same time; th i s  is  
avoided i n  a time-slot o r  time-ordered TED' roll-call .  

A time-of-arrival surveillance sgstem can function 
on i t s  own f o r  low- o r  high-density areas, giving a NAT-surveil- 
lance capabi l i ty  a t  very l o w  cost over s tab le  telephone lines t o  
small a i r p o r t  towers, f l i g h t  centers,  and other au thor i t ies  o r  
airspace users tha t  want ATC data. 

The h e g a  5- o r  10-second "clock" used f o r  time-slot 
assignments (be they assigned sequentially on navigational COOP- 

dinates o r  ident i ty)  can sasily be used by all elements timed 
together over telephoae l ines .  Phase angle comparison of  the 
5 x 5 L 4 BTL tones gives a non-axbiguous difference i n  time of  
arrival.  
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111- SOME DETAILS OF T I  

Figure 7 i l l u s t r a t e s  soae possible locations of f o u r  
vI;F s t a t ions  t o  optimize coverage over only the United States.  
These s ta t ions  would be optimized on the basis of the mega work 
by Professor J. A, Pierce of Harvasd, KEL, HRC, and the  Navy 
Omega project  o f f ice  under the DOD, The following parameters 
would be optimized, based on t e s t s  analysis and s tudies ,  f o r  a 
"U,S.-only" system f o r  ATC, Navigation, i r - t o - a i r  separation 
reporting, national timing signal f o r  ro l l -ca l l  techniques, e tc ,  

1. Frequencies i n  the region of 10.2 and 13-6 kHz of Omega 
would be used, Professor Pierce suggests that these 
signals be displaced a t  l e a s t  500 Hz from the basic Omega 
frequency s o  t h a t  a l3 , l -M~ and possibly a l2,7-kHz 
s ignal  can be selected as examples. 

2, More radiated VLF power i s  possible than a t  present and 
a balance of design parameters such as (1) multimode 
propagation, (2) frequency, and (3) baselines must be 
achieved i n  the design (reference 7). Current Onega 
power levels  can be readi ly  increased by 10 t o  15 d b  
f o r  the U,S,-only configuration, aiding i n  reducing 
costs of thousands of receivers,  

3. Short sampling periods of 'rf t o  J6 the present 10-second 
period, 

4. A nat ioaal  monitoring system is developed coasisting o f  
perhaps 20 s t r a t eg ica l ly  located s i t e s  that  cazl receive 
and process the d e t a i l s  of the VLF navigational s ignals  
from the f o u r  VLF navigation transmitters,  T h i s  w m l d  
assure, on a national basis, that LOP'S l i e  precisely 
where predicted and charted f o r  airmen and other users, 
By continuously feeding the multi-sensor information of 
such a imiformly dis t r ibuted monitoring system over 
telephone c-ircuitry t o  a centralized computer, a real- 
time computation of diurnal and other e f fec ts  of iono- 
spheric changes ( o r  azqy other phenomena affect ing accu- 
racy) can take glace. Bn optimized solution f o r  naviga- 
t i o n  corrections is thus automated and computed contin- 
u o u s l y  i n  r e a l  time. Rapid diurnal changes a r e  followed 
without delay, Both monitoring and diurnal corrections 
are  rea l ized  by the connection o f  these s i t e s  by simple 
telephone c i r c u i t s  t o  a centralized computer, 

5- 2he d is t r ibu t ion  of the nat ional ly  computed diurnal data 
is  also automated using the national aviation data d i s t r i -  

microwave, o r  other national co  icat ions means, SO 
ork, such as lety-pe telephone 
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t ha t  the instantaneous, yet  precise,  diurnal correction 
i s  available a t  every locale requiring the data, A 
central ly  lozated f i f t h  V U  s t a t ion  o r  possibly a "mix1' 
of the  trms;nission formats of the  f o w  stat ions can 
convey t h i s  data a l s o  by rad io  propaga%ion using a slow, 
d i g i t a l  message, 
national d i s t r ibu t ion  of diurnal corrections on a roll- 
c a l l  basis - 

Thus, VLF radio can also provide tihe 

6- Ambiguity resolution i s  worked out 03 a "-user concept" 

Geometric o r  heterodyne methods 

of covering o n l y  about 3,000 by 1,503 miles (the contig- 
uous Vnited S ta tes )  ra ther  than the  nornally 4,000 t o  
5,000 x i l e  baselines, 
of ambiguity resolution should both be available. This 
suggests that  loca l  areas of 75 t o  100 miles are  a l s o  
s ignif ica3t  s o  t h a t  a 2 t o  3 kHz difference would simplify 
and rechce costs -bo geFeral aviation, Probably a four- 
s tep ambiguity resolut ion t e c h i q u e  as i n  world-wide 
Omega . w i l l  suff ice  f o r  U.S,-Onega. 

7- The above suggests a t o t a l  system optimization with the 
b e t t e r  signal leve ls  and number of useful  L3P crossings 
because of selection of optimum Omega frequencies, s-ta- 
t i o n  s i t i n g ,  power, e tc , ,  s o  t h a t  lane ambiguity i s  mini- 
m a l ,  Propagatioa charac te r i s t ics  require that  ambiguity 
s teps  be conssrvative, say, by fac tors  of 3 o r  4, Power 
l eve ls  of up t o  1 megawatt can be considered as i n  other 
VLP transmitters.  Transcoztinental f l ig l i t s  would use a 
lower he te roqne  frequency f o r  a 1,500 o r  3,000 mile 
ambiguity resolution, requiring a 4 t o  5 speed receiver, 
General aviation would use e i the r  a & s p e d  receiver o r  
a l-speed receiver, 

8. With only f o m  s-tations, the updating can be more frequent, 
say, every 4 t o  5 seconds, thus removing one of the c r i t i -  
cisms of t'ne eight-s tation, lO-secmd world-wide Ornega 
s ignal  format, men shor te r  ernissions should be consid- 
ered because a three-station, 3-second cycle reduces data 
delays, However, a 5-second cycle i s  readi ly  locked t o  
exis t ing Omega and should be examined f o r  t h i s  reason 
as a posi t ive conpromise, 

9. A l l  VOR's cax emit the loca l  d i f f e r e a t i a l  (diurnal) cor- 
rect ion,  and/or the four-station net i t s e l f  i s  coriected 
by a f i f t h  s t a t i o n  central ly  radiat ing a slow, d i g i t a l  
phase code diurnal message, so t ha t  about every 5 t o  10 
minutes every segment of the  nation i s  corrected b y  use 
of l oca l  monitoring receivers and/or by autonatic air- 
borne means, 

10, A s  i n  Omega, the  frequency tolerances are maintained t o  
the best  possible standards for other functions such as 
CAS, WI, air-to-air signaling, and time-frequency con- 
cepts similar t o  .~?laz~y tha t  have been proposed, 
a var ia t ion  between s t a t ions  of a f r ac t ion  of a microsecond 

Typically, 
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and the best  absolute time (over months) would be 
established, Shorter baselines and wide area moni- 
toring should provide th i s ,  A l l  5-second and s i m i l a r  
s t a t ion  sequencing s ignals  areg of course, locked t o  
the Omega sigiml format f o r  the  synchronous sequencing 
of loca l  area (W) ro l l - ca l l s ,  air-to-air posit ion 
monitoring, e tc ,  A l l  a i r c r a f t  w i l l  e f fect ively ha-re 
such a "national clockart  f o r  t h i s  Qpe of  synchronized 
transxission o r  reception because , fortunately,  Ornega 
VLI? typs signals are received o n  the surface at great 
d i s tmces  (unlike TTHE' o r  DEE?), A time frame time syn- 
chronization of aboi.-t 2 millisecoads f o r  a i r c r a f t  recep- 
t i o n  of ro l l - ca l l  data i s  real izable ,  Message frames 
of aboat gq30 millisecoiids can be readi ly  synchronized. 

The development of low-cost airborne equipment t h a t  opti- 
mizes a a u l t i p l i c i t y  of local ized VLF uses ra ther  than 
the world-wide use of Omega should be stressed, The 
shorter time in te rva ls  between updates a l s o  s inp l i fy  and 
assxee low-cost designs, The Izse of lower-cost c rys t a l  
references t o  r e l a t e  VLF time-separated transmissions 
may be possible with 4-second updates, Varying degrees 
of user applications m u s t  be s t ressed,  as marine services 
;night a lso r ea l i ze  loca l  advantages i n  harbors, r i ve r s ,  
e tc ,  Airl ines may use a sophisticated means of computing 
f ive  LOP'S continuously, thus optimizing accuracy a t  
higher cost  e 

12, Geoaetrically s i t e  the f o u r  new TTI;F s t a t ions  t o  optimize 
signal leve ls  i n  the dense t r a f f i c  areas of the United 
States ,  minimize diurnal s h i f t s ,  provide the best  direc- 
t i o x  f o r  d i rec t  ( C D I )  use of LOP'S and consider baseline 
spacings t o  have as nearly s t r a igh t  LOPss as possible 
(we m a y  have t o  go s l i g h t l y  i n t o  Canada and Mexico t o  
rea l ize  t h i s )  e 

13 Assure time and frequency relat ionships  with both VOR 
and world-wide Oaega because the four s ta t ions  w i l l  
serve as backups and w i l l  be integrated in to  both appli- 
cations with beaef i t  t o  a l l  users, Omega i s  r ea l ly  the  
use of the frequencies i n  the 10 t o  14; !rHz region, using 
d i rec t  toae and phase colnparisons f o r  range differences-- 

no new technology i s  introduced, The increase i n  
VLF frequencies available t o  everyone adds t o  each u s e r ' s  
choice of applications, 

14, llBrass-boardrt such a p a i r  of V U  s ta t ions  early,  t rying 
the new frequencies, the new ambiguity r a t i o s ,  the new 
baselines, the overall ef fec t  of diurnal s h i f t s  on short 
baselines, the a b i l i t y  t o  overcome S I D ,  P-static e f fec ts ,  
e t c , ,  so  t h a t  t he  new optimized s ignal  formats can be 
standardized, T h i s  can be done because there i s  already 
a great deal of "dead time" a t  the exis t ing s ta t ions,  
and these new frequencies can be added s o  t h a t  maybe only 



one new s t a t ion  (two a t  m o s t )  would be neede?. for  the 
i n i t i a l  "proof of concept- 'I This xew s t a t ion  must 
however, be in s t a l l ed  r e l a t ive  t o  the f i n a l  configura- 
t i o n  and become a pa r t  of it when validated and t h e  
other three stations are  ins ta l led ,  

15. Develop a time-ordered, d i g i t a l  message format t o  be 
t r ansa i t t ed  on a VLF l i n k  t o  a l l  U.S, a i r c r a f t ;  t h i s  
format i s  t o  be sui table  fo r  loca l ly ,  addressed diurnal 
corrections, 

A- THE BLRBORW USE OF t'O~PIEGA-A" I N  GENERBL AVIATION AIRCRATT 
The basic coordinates of Oaega are nemly s t r a igh t  

l i nes  f o r  sone distance. The amount of curvature fo r  t3pical  
d i rec t  f l i g h t s  o f  general aviation a i r c r a f t  (say, l e s s  than 103 
t o  200 miles) i s  such as t o  c a l l  f o r  l i t t l e  heading change; normal- 
ly ,  t h i s  change is  within the usual l i m i t s  of unknown wind condi- 
tions. The second LOP l i n e s  crossing these f i r s t  l i n e s  a r e  a t  
angles of froa abo-ilt 60 degrees t o  90 d e g r e ~ s ,  making f o r  the 
"oblique-parallel" crossings, One can portray these d i r ec t ly  
with a crossed-pointer display much as shown i n  Figure 8 ,  It 
can be seen tha t  the  normal crossed-pointer di-splay, such as the 
ID-249 and similar instruments, have two neeales, individually 
deflected but always crossing a t  90 degrees. By placing one of 
the needle movements i n  a gimbal, and adding a kno3 f o r  turning 
.this gimbal, the exact r ep l i ca  of the  L9P crossing angles can be 
presented t o  t he  p i l o t ,  
s i b i l i t i e s  of both a CDI and Area Navigatioi display can be incor- 
porated i n  t h e  sane instrument, 

needles always being v e r t i c a l  and the crossing LOP'S geometric 
relationships shown (with respect t o  t he  v e r t i c a l  n5edle a t  the 
correct,  oblique angle), t h i s  makes mental calculation and corre- 
l a t ion  with charts very easy, The lane spacing on one L9P (vert- 
i c a l  needle) w i l l  no-: always be the same as tha t  03 t h e  other LOP, 
creating s l igh t ly  d i f fe ren t  s e n s i t i v i t i e s ,  but t'nese differences 
are s m a l l  enough s o  t h a k  they can be ignored, since t h i s  var ia t ioa  
m a y  be 20 percent compared with many times (500 percent) f o r  a 
VOR-CDI, Ease of d i r ec t  comparison t o  a chart o r  use of srmbology 
as i n  ILS f l i g h t  following i s  enhanced- 

T h i s  has mny advantages, since the pos- 

I f  the gimbal arrangement r e s u l t s  i n  the r igh t - l e f t  
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The crossing of the LOP'S needle (2)  while following 
the selected LOP f o r  .the t rack ( o r  course) needle (1) creates 
effect ively the same r e s u l t  as the DME does for  the TOR but i n  a 
much s inpler  and d i r ec t  manner, I n  Oaega only one display is  
needed, whereas i n  VOR-DME a t  l e a s t  three displays are essent ia l ,  
When a tu rn  i s  made onto anothsr LOP, t h i s  c m  be quickly estab- 
l ished with the gimbal-knob, so t ha t  the course i s  again repre- 
sented by the v e r t i c a l  needle giving the correct ( f l y  t o  the 
needle) r i gh t - l e f t  sensing, Needle s e n s i t i v i t i e s  (miles per inch) 
can be readi ly  changed, permitting precise o r  relaxed f l i gh t -  
following matching a i r c r a f t  perfornance, weather, and ATC demands, 

For  example, i f  a servo-following system is  used (driv- 
ing a phase shifter-phase detector a l w a p  t o  zero), once tracking 
i s  es"sb1ished and retained, there  w i l l  be no mubiguity problem, 
Furthermore, there  i s  the use of two 3mega freqdencies t o  create  
a "coarse" signal by the heterodyning of the  t w o  with mbigu i t i e s  
much fur ther  apart  than i n  the "fine-only" system, I f ,  f o r  
exmple, the "fine" frequency i s  sound the 13-6 H z  frequency 
now used (5'30 Hz higher o r  lower), then with shorter VLF baselines 
and b e t t e r  signal-to-noise environments, a second frequency might 
be chosen tha t ,  when beat with the  other frequencies creates a 
heterodyne frequenzy tha t  i s  used f o r  the  "coarse" tha t  has ambig- 
u i t i e s ,  say, every 50 t o  100 miles, The "coarse" i s  used only 
t o  f ind t h e  zero of the  f 'fine" while a l l  d i r ec t  control i s  done 
by observing only the  "fine ,J1 thus increasing user accuracy. 

The current heterodyne frequency i s  3.4 kHz (10-2 kHz 
beat with 13-6 kEz)* Since t h i s  i s  % the  higher frequency, it 
creates a 4:1 ambiguity resolving power, Usually a t h i r d  frequency 
is used so t h a t ,  say, a 5 : l  i s  created so  t h a t  the t o t a l  i s  then 
(5 x 4) 20r1, If the  13,6-kHz lanes are  about 6 miles apart  ( a  
lane i s  simply 360 degrees of phase s h i f t  representing the  loca l  
phase comparison of two Omega s t a t ion  s igna ls ) ,  then the ( th i rd  
speed) ambiguities are 120 miles apart--sonething eas t ly  resolved 
by other means f o r  general aviation, Furthermore, the ground 
se t t i ng  and ground correlat ion of the  VLF navigational signal 
before takeoff doss much f o r  assuring Omega accuracies and avoid- 
ing arqy ambiguities, something not possible with TOR, VORCAC, 
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of 22 miles representative of the TOR cross-track deviation- 
s ens i t i v i ty  (TOR i s  210 degrees), at  a distance of aboxt 12 miles 
f rm the TOR s ta t ion ,  Steps of from 2 t o  20 o r  even 25 miles 
co-dd be used, I f  the  area i s ,  say, 25 miles by 25 miles portrayed 
by the crossed-pointer display, then t h i s  represents an area of 
625 square a i l e s ,  as colnpared with but 16 square miles a t  the 
higher s ens i t i v i ty  

of 2 t o  4 iniles for full-scale deflection i n  the f l i g h t  demonstra- 
t ions  of "raw"-direct Oaega-LOP f ly ing  (reference 2). A crossed- 
pointer instrument aboxt 5 inches ( o r  maybe 5 inches) across, 
ra ther  than the 3Ibinch ID-249 , offers  improved p i l o t  acceptance 
of a sealed, standardized instrument for Area Navigation, ra ther  
than maps, charts,  projectors,  cathode-ray tubes, servo-driven 
r o l l e r  charts (as Decca), e t c , ,  none of which are f u l l y  sa t i s fac t -  

o r y .  
ment i s  i n  t h i s  direction, 

Thus, fo r  the airborne display end we can have scales  

Professor McFarland used s e n s i t i v i t i e s  i n  the region 

The present trends such as the VAC-Butler-aviation instru- 

This Omega dual-LW display c3n then be flown with two 
s e t s  (two pa i r s )  of needles, one p a i r  crossing is  simply the des- 
t i na t ion  i n  the displayed area, and the other crossing pa i r  i s  
the present posit ion,  The a i r c r a f t  heading can be shown i n  the  
center,  and one has the f u l l  advantages of an Area Navigation 
system without maps, charts,  cathode-rw tubes, e t c ,  Furthermore, 
a transparent overlay with a map o r  track can be inserted with 
keyed alignment pins that  w i l l  a id  i n  the d i r ec t  p i l o t  usage 
(Figure 9)- 

B, LEVELS i>F PILOT DISPLAY SOmISTPICATION 
i n  the simplest cockpit display of  Omega, some- 

thing as simple as the m t u a l l y  perpendicular C D I  crossed-pointer 
w i l l  suff ice ,  The ID-249 represents t h i s  example and w i l l  do 
very well and is  i n  m a s s  productios, It (ID-24'3), incidentally,  
has heading already mechanically included and i s  called a s teer ing 
conputer, since one s t ee r s  the heading needle t a  the cross-track 
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deviation needle. Thus, the pilo-t would simply assume the  LOP- 
crossing angle on the charts  and the  two LOP'S are shoxn as 
always a t  90 degrees--not a coapromise on safe ty  o r  accuracg. 

i s  add+Y for orienting one needle from 90 5 30 degrees with 
respect t o  the other needle. The t h i r d  leve l  of low-cost sophis- 
t i ca t ion  canes with the use of airborne scale factors ,  say, 22 
t o  t25 miles i n  f i v e  steps. 
ways, airports ,  e t c , ,  can be considered the fourth step. The 
proper range and scale f ac to r s  must be intwlosked i n  such cases 
t o  avoid confusion. A destination p a i r  of needles and a "present- 
position" p a i r  of needles with heading included can be a pa r t  of 

of the  l a s t  th ree  steps,  One should be able t o  flr between 
these points (crossings o f  pa i r s  of needles is a point)  regardless 
of LOP direction allowing any f l i g h t  t rack  shape, s t r a igh t  o r  
cxeved, though t h i s  can 5e approximated by use of centilanes. 

The next l eve l  o f  sophistication cones when the gimbal 

Transparent map overlays w i t h  air- 

C. FLYING ANY TRACK THROUGH THE C?lOSSING-L0P COORDINATES 
By orienting the display, the f l i g h t  t rack  can be such 

as t o  keep the heading needle re la ted  t o  the destination and the 
present posit ioas,  so  tha t  it i s  indicative of t h e  heading on a 
l i n e  between the crossings of the  two pa i r s  of needles. Figures 
8, 9 and 13 describe t h i s  means of f ly ing  an7 geometric t rack i n  
the area with scale  fac tors  f o r  areas of from, say,  16 miles of 
display area t o  even 250 o r  2,500 square miles of d i s p l v e d  area 
(each needle represents i n  one case 225 n i l e s  o r  53 x 59). 

angles of Omega LOP crossings do not change f o r  any given loca l  
area ( s a y ,  over 100 miles). Fur%hermore, they can be adjusted 
quickly by the simple gimbal s e t t i ng  s o  that by scale fac tor  
changes mly  the  pilo-t can have "Wide-Area-Navigation, "Average- 
Area-Xavigation, r1 and "Precision-Area-Navigation. ghen i n  low- 
density t r a f f i c  o r  f r e e  of  obstruction areas, the d i rec t  d i sp lwed 
area i s  quite adequate on the lower s s n s i t i v i t y  scales. 

coverage t o  about 43 miles, which i s  greater  than the  2,500 square 

This p i lo t ing  feature  i s  possible since the oblique 

Since the  TOR represents 360 degrees of nzivigational 
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miles noted previously, t h i s  is  commensurate with normal p i lo t ing  
practice,  Furthermore i n  a VORTAC TOR-DME Area Navigation 
d i s p l q  of a large area, the actual  positioning accuracy var ies  
with range since VOR errors  of, say, 23 degrees are equivalent 
t o  22 miles a t  40 miles, Oinega with the usual d i f f e ren t i a l  cor- 
rections i s  accurate throughout the displayed area t o  about % t o  
% mile, 

The p i l o t ,  using constant accuracy da ta  throughout the 
area of coverage by the Area Navigation display, i s  os1 the average 
be t t e r  o f f  tha2 with the TOR-DPB because of t he  poor angular 
accuracy and pos i t ioaa l  dilutioii  of the  VOR a t  increased d is  tames,  

Doppler TOR s t a t ions  and multi103e-TOR techniques (such as the 
D-VOX and P-VOR), then angular accuracies of about 21.0 degree 
o r  even 2% degree m a y  be achieved and the loca l  d i f f e r e a t i a l  
Omega and D-VOR are somewhat comparable i n  accaracy but n o t  i n  
cost, The coaplete s t a t i o , r s  t ha t  send out Doppler VOR signals 
o r  P-TOR s i g n a l s  use larger  artenna s t r u ~ t u r ~ s ,  large counter- 
poises, more conplex signal generation (comutating some 50 o r  
more antenias),  e t c , ,  s o  -khat the national cost  t o  convert all 
VORDs t o  D-VOR o r  P-VOR is enormous, yet must be done i f  accuracy 
i s  t o  be achieved, High a3gle use i s  n o t  improved, a d  some bad 
sectors can p e r s i s t  (for e m p l e ,  see the recordings i n  reference 
8 and the e r rors  o f  VOR noted i n  reference 4). 

f o r  multiple VOR locations (baselines between s i t e s )  creates  
s i t i ng  problems, confuses 2 i l o t  usage, etc.  For  the f o u r  s ta t ions  
of the  Oaega-A (U,S. coverage) orals f o u r  locations need be found 
tha t  a re  su i tab le ,  Usually, l a t i t ude  on 1,509 t o  3,000 baselines 
i s  large,  For the national-TOR scheme, even with Doppler TOR, 
t h i s  i s  not eased, since soae 1,000 t o  2,000 s i t e s  must be found, 
maintained, protected, inspected, powered, modernized, e tc , ,  t o  
f u l f i l l  a 1990 objective. This is  sumaarized i n  Figure 4- Further- 
more, i f  the VOR s i t e  is eventually sumounded by a metropolitan 
buildup of brrildings, poxer l i n e s ,  fences, e t c , ,  the s i t e  must 
f i n a l l y  be moved, and the complexity of charging the R-0 grid,  
charts,  e tc ,  i s  most  d i f f i c u l t ,  The simplicity of a national,  

However, as the TOR s ta t ions  are replaced by improved 

Even so,  i f  t h i s  i s  done, the lask of aqy master plan 
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multiple, LOP gr id  s t re tching froa San Francisco t o  New York 
and f rm the northern reaches of North Dakota  t o  the southera 
t i p s  of Texas and Florida has enormous a t t r ac t ion  i n  2ational 
aviation f a c i l i t y  planning. A means t o  simplify and d ras t i ca l ly  
lower costs of ATC, not only f o r  gemral  aviatiort b u t  f o r  a l l  
users,  while increasing capacity arzd services, must be found f o r  
a v i a t i o n ' s  soatinued growth, 

De NATION& T I M I N G  SIGH& FOR AVIATION 
Along these sane l ines ,  the Omega-A chain w i l l  have 

signal timing sequences ( j u s t  as i n  the  exis t ing Ornega s ignals)  
where the 10-second timing sequence i s  repeated precisely a d  
conti~.x~ously, If one averages the lO-second r'clock" of Oxega, 
the ascurazy of t i m i n g  becomes aboilt one pa r t  i n  t en  mill ion as 
ths s ta t ions  are contin.uoaslg sequenced, The new Omega signal 
forinat nay contain a special  signal t o  start the clock and t o  
resynchronize all clocks from a precisLon -Gone s ignal  emitted 
with the  navigation sequence ( say ,  a 0.2-second btzrst every 10 
seconds interlaced with 1.0-second navigation s ignals) ,  
orly one par t  i n  +en thousand (not mill ion) i s  maintained, then 
the time anywhere i n  the Omega timing cycle can be established 
t o  an accuracy of  1 t o  2 milliseconds. This 1 t o  2 milliseconds 
(accurate) sequencing has many possible applications on a national 
ATC, l oca l  ATC basis ,  and air-to-air basis. 

synchronized t o  1 t o  2 milliseconds. Since -this i s  aboxt equiva- 
l e n t  t o  186 miles of t r a n s i t  time, the a b i l i t y  t o  keep time per- 
m i t s  all those a i r c r a f t  -here i n  each o ther ' s  proximity (180 
miles o r  l e s s )  t o  have t h i s  timing signal. It var ies  across the  
nation 03 a l inear  basis ,  which i s  eas i ly  accounted fo r  i n  i t s  
application locally.  By assigning time s l o t s  as idext i tg  reporting 
s l o t s  02 a l t i t ude  reporting s l o t s ,  ma= simple low-sost but 
valuable ATC functions can be obtained from a l l  a i r c r a f t  as 6co- 
nomics will a l low fo r  the concept's use by a l l .  For example, 
i f  the elevations froln zero t o  20,000 f e e t  were represeated by 
time slots (10 milliseconds wide) t o  a l l o w  for an;g timing errors ,  

Even i f  

Since a l l  f l i g h t s  are tuned t o  Omega, a l l  clocks are 
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then there  would be a time s l o t  f o r  every 20 f e e t  (1,000 -Lime 
s l o t s  each 10 millisecoads ide representing 20,000 f e e t ) ,  This 
might be m a i r  reporting (on V") mode that  i s  not noymally used 
bit i s  activated i n  cer ta in  occurrences such as B proximity warning 
fron other inputs, even ATC "advisories" of nearby a i r c r a f t ,  etc,  
Whenever adjacent a i r c r a f t  might w a t  t o  monitor each o ther ' s  
a l t i tude ,  t h i s  solution w i l l  be quite simple, 

messages (using the BTL 4 x 5 x 4 tone sgs%em) can crea-te one ele- 
=neat of a 103 choice o r  103 quant i t ies  rnessage i n  40 nill iseconds,  
Thus, i f  the Oiega time s l o t s  were again divided, t h i s  would 3e 
25.3 time s l o t s ,  each 40 milliseconds wide, &I a l t i t u d e  tone 
"burst" would come down t o  ATPC, s a y ,  i n  one time s l o t  (dividing 
height inko 200-foot steps, say, from 0 t o  20,000 f ee t ) ,  Every 
200 f e e t  approximates the accuracy t o  be expected from barometric 
sexsing of a l t i tude ,  

Furthermore, the use of the time s l o t s  .for data-linking 

E, OMXA ROLLCALL OR TIME SLDT EXAMPLE 
If one VBF Corn-channel (much l i k e  a "Unicorn" channel) 

i s  used and 50 a i r c r a f t  occupy it, many voice channels 
be saved, 
long) i n  each of' the  Oraega lO-secoid time frarnes assigned t o  each 
aircraft--that is, the  count on the ro l l -ca l l  starts a t  zero-time 
and c o ~ n f s  -to 53 i n  (40 x 50) or 2,000 milliseconds = 2 seconds 
o r  115 of  an Olnega 10-second frame, 
i n  the second sub-frame, and s o  for th ,  so  t h a t  the count of 1 t o  
53 has beer repeated 5 times i n  the total-Oaega time f r m e  of 10 
seconds, 

Thus, the  5 sub-fraxtes would each be assigned a message 
A time fraxe (sub A)  might be 

Then there would be f i v e  t b e  s l o t s  (40 milliseconds 

Then, the second count starts 

from 100 possible coded messages, 
one combination of three simultaneoiis tones each selected f r o m  
the high, medium o r  l o w  frequency lanes of t he  5 x 5 x 4 tones 
of the BTL* data l ink message, The f i r s t  one might be a l t i t ude  

* These tones a re  (Bell t3pe 401 system): low ban3 - 600, 697, 770, 
852, 941; medium band - 1098, 1209, 1336, 147.77, 1633; and a high 
band - 1950, 2050, 2150, and 2250, (All values are i n  Hz,) 
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the next xtig5.t be a report of posi t ioa,  as aight the remaining 
three,  Thus, each L W  could be given a 10,000-element resolut ion 
(100 x 190) using two *'sub-slotsN f o r  each LOP. Many choices are  
obviously possible, but a typical  operatioral  ra t ionale  i s  that 
lltime-slot-is-identityg* and "tore-code-is-position. 'I 

the aext 5 sgb-time-frames. For example, soze of the 5 sub-time- 
frames could be lltine--Orderedll by Gxega position. Using a simple 
burst  on VHF each a i r c r a f t  emits i n  a 5-aillisecond s l o t  r e l a t ing  
t o  i t s  position. Two s l o - t s  cztn be sequenced i n  1 second allowing 
21 millisecond accuracy of s l o t  timing and a simple (non-coded) 
burs3 on tone f o r  4 xilliseconds. That is t o  s a y ,  time s l o t  one 
(0 t o  5 milliseconds) i s  LOP-1, time slo-is two (5 t o  10 millisec- 
oads) i s  IOP-2, e tc , ,  up t o  LOP-200 (995 t o  1,000 milliseconds), 
giving accurate posit ional reports  of LOP'S 1 through 200. Next, 
the crossing L3P can similarly be transmitted by time-ozdered 
( l inear  r e l a t ion  of distance vs time) reports. 
local  a i r c r a f t  " l i s t e n  int1 on the VHF-Unicorn t o  t h i s  time-ordered 
sequence, the 2 i l o t  hesrs adjacent a i r c r a f t  just befoze o r  just 
a f t e r  h i s  own transmission. Figure 10 i l lus-brates t h i s  principle,  
I f  the air-to-air l i s ten ing  were a given =ea (covered by the WE' 
f o r  air-to-air signaling f o r  proximity warning and spacing along, 
say,  a given aimqT), then the area could be defined by 100 x 103 
o r  10,000 elements, I f  each LOP element is  equivalent t o  % mile, 
then we have an area of  50 x 50 miles represented by 10,000 posi- 
t i ona l  elements, each representing about a 3/4 square mile area. 

Thus, i f  a p i l o t  notes a time s l o t  report  separated 
immediately before o r  a f t e r  his own report  (by three time elements), 
the other a i r c r a f t  i s  i n  proximity on an LOP t h a t  i s  oxly 1% miles 
removed; when the  lnext crossing LOP report  i s  received ( i n  =other 
sub-frame) and remains a l s o  3 s l o t s  removed, then the other air- 
c r a f t  i s  obviously within 1% miles on the crossing LOP also. 
I f ,  say, however, t he  secoad LOP report  (LOP-2) i s  delayed by 
40 time slots, then the second a i r c r a f t  i s  at  a sa fe  separation 
i n  a given direct ion ( i n  Oinega coordinates), The proximity air- 
c r a f t  i s  -thus 20 miles i n  the  d i rec t ion  of LOP-2 a i d  1% miles i n  

However, t h i s  format  need not 'be followed thougho-at 

Thus, i f  all 
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In the roll-call process, Aircraft A (at 36) wil l  hear Aircraft B's 
roll-call position (39) and noting that i t  is but three elements (39-36) 
removed, wil l  be aware of i t s  close proximity. Similiarly, Aircraft 
D (slot 26) wil l  be aware of Aircraft B ' s  close proximity (at  slot 39). 
If the elements a re  assumed to be 1 1 2  mile in dimension, this would 
place the separations at about 1-1/4 miles. However, in the case of 
Aircraft C (124) there will  be no alarm o r  concern about a proximity 
relationship since the nearest aircraft  is B. 
can be 200 x 200 elements allowing 5 millisecond constant frequency 
tone-bursts per element on V H F  for  the repeating of the Omega position. 
Thus, the 135 elements shown above a re  only an example of the 4,000 
elements "roll-called" each 8 seconds. Each element can represent 
but 1 / 4 square mile using differential o r  automatic diurnal corrections. 

The roll-call resolution 
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the other direct ion (LOP-l), o r  obviously at  a safe distance. 
If an a i r c r a f t  i s  011 an airway established by d i r ec t  

LOP f lying,  and i f  t h i s  t i n e  s l o t  posit ion repor-ting mode i s  used 
(perhaps a l te rna te ly  with o-=her time-ordered modes), then those 
ahead and behind t h e  subject a i r c r a f t  can be c lear ly  indicated 
( t h e i r  presence and spacingjin the simplest form, 
shows s b p l e  on-board d i s p l w s  i n  each a i r c r a f t  t o  indicate spac- 
ing, Timing with Oaega t o  1 t o  2 millisecond accuracies is  the 
s i ap le s t  of devices, perhaps costing but $230 t o  $390 i f  only the 
lltime-framingrl i s  used from Omega, Such a s iap le  device m a y  i n  
i t s e l f  be most useful  for timing (only) a l t i t ude  reportd, s o  t ha t  
one could always f i l t e r  a l t i t ude  by time before o r  a f t e r  o n e ' s  
own synchronous a l t i t ude  report ,  giving a d i r ec t  indicatiolr of 
v e r t i c a l  sepxration, I n  an;7 case, several low-cost a;?plications 
€ o r  proxjlnity display ver%ical ly  and horizontally are possible. 

t i n e  frames a-iailable at a l l  heights, i n  a l l  a i r c r a f t ,  a t  a l l  
a i rpor t s ,  a t  all ground s ta t ions ,  not oALLy is  air-to-ground data 
encoded by combining time s l o t s  and BTL toaes, but s o  i s  ground- 
t o - a i r  and air-to-ground (No, 2)  loca t ior ,  Time s l o t  posit ional 
reporting could be used f o r  air-to-air spacing i n  ATC and f o r  
simple displays of data f o r  ground coxrtrollers. The simplest of 
low-cost ATC displays could be generated a t  a general aviat ion 
a i r f i e l d  without a radar, yet  it could create effect ively a loca l  
ATC display s i m i l a r  t o  what a radar creates f o r  f a r  l e s s  cost ,  
thus giving a loca l  ATC data md PdI t o  thousands of srnall U,S, 
a i rpor t s  . 

Some of these concepts are fur ther  illuminated with 
i l l u s t r a t i o n s  of signal formats  -that permit t he  conbination of tone 
signaling an3 time s l o t  assignments f o r  (1) ident i ty ,  (2) a i r  
reporting t o  ground of posi t ioa,  (3) a i r  reporting t o  ground of 
a l t i t ude ,  (4) air-to-air proximity reporting relaying r e l a t ive  
pos i t ioa  and a l t i t ude ,  and (5) a i r  reporting t o  ground of corre- 
la ted  ident i ty ,  height, a l t i t ude ,  and any air-detested proximitay 
s i tuat ion.  This provides an optimum balance of low-cost redundmt 
H I  and s a t i s f i e s  the autolnated ground ATC computation of t rack 

Figure 11 

Thus, by judicioas tes t ing  and planning of the Omega 
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schedules, conf l ic t s ,  co l l i s ion  avoidance, v e r t i c a l  separation, 
e t c , ,  a l l  i n  cornon a i r  and ground coordinates, These features 
would be assigned primarily t o  the thousands (possibly 53,000 t o  
100,000 by 1930) of  IFR axd ATC equipped s m a l l  general aviation 
a i r c r a f t .  Since they operate a t  the lower a l t i t udes  o r  could be 
req-airad t o ,  the  Oaega signals are idea l  as the7 are  available 
at  the lowest heights, 
voice, Unicorn xnd exis-iiing VHF channels f a r  more e f f i c i en t ly  
than a t  present. Figure 12 i l l u s t r a t e s  t h i s  signal format. 

LDcalized VHF i s  used by employing VOX, 

3'- AIR-TO-AIR SIGNALING FOR CONFLICT AVOIDANCE WHEN ATC GROUND 
CONTROL SIGNBLS BRE LOST 

Even i f  the 'ED' coverage ( s igaa l  data)  t o  the ground 
(ATC center o r  tower) f o r  reporting of ATC data should be jamed, 
shadowed by h i l l s ,  line-of-sight limited, o r  interrupted in IF3 
conditions, the air-to-air function would continue since the VHF 
signaling between a i r c r a f t  is  synchronized by VLF-Oaega and car  
be use3 t o  r e t a i n  3-n orderly separation and f l o w  of t r a f f i c .  I f  
the f lox of a l l  a i r  t r a f f i c  i s  based on following a2 orderly 
"track system" o f  coordinates, p i l o t s  can provide some separations 
momg themselves i n  times of l o s s  o f  centralized ATC (not a co l l i -  
s i o a  avoidance concept but a positive-ATC-concept of maintenance 
o f  t rack  separat iom),  Converging VOR r ad ia l s  would obviously not 
suff ice  as t racks,  nor do VORTAC signals reach low a l t i tudes  o r  
in to  valleys. Omega p a r a l l e l  t racks might work well, since Omega 
has highly ordered coordinates ( a l l  with the same accuracy, all 
with the same sens i t i v i ty ,  and a l l  with the s m e  spacing o f  comon 
tracks).  
ordsred positioa-ordered rimer can be interpreted automatically 
i n  each a i r c ra f t .  These s h p l e ,  low-cost separation aisplags 
w o u l d  keep a i r c r a f t  separated on individual , non-coxverging ( f o r  
1,500 miles) t racks t h a t  have been i n i t i a l l y  selected so  that  a 
small, slow a i r c r a f t  can d o  a 180-degree turn f o r  holding an the 
t rack without traversing the adjacent track, This separation i s  
eas i ly  established with ATC tes t ing  and wmld j u s t i f y  a nore per- 
niss ive ATC function i n  lower-density airspace, 

Air- to-air  signaling of posi t ion i n  a simple time- 
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SEQU ENTI A L  ID ENTITY ROLL 
SLOTS CONTAINING TRIPLE-TONE DUAL- CODE REPORT FRO 
EACH OF 50 AIRCRAFT GIVING LOP-I AND ALTITUDE EAC ,/ IN 100 INCREMENTS 

I I I t  I I  I I  I 

SEQUENTIALLY ROLL- C A L L  
SAME AS ABO;/E BUT LOP-2 
AND ALTITUDE ARE ALTER- 
NATELY TRANSMITTED ON A 

WHF UNlCOM 

PROXIMITY AND POSITION-ONLY REPORTS EVERY 8 SECONDS FOR 
AIRCRAFT PWI. F U L L  IDENTITY AND CODE CORRELATED DATA WITH 
PWI EVERY 8 SECONDS FOR GROUND AUTOMATED ATC. 

12. VH PO OF 
s u  0 TIM 

AND LOP'S 
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Air-to-air  spacing on Oaega coordinate airways using 
d i r ec t  Omega LOP'S would sigfiif icantly aid i n  the t o t a l  t r a f f i c  
movemezts and capacity t o  accomoda%e general aviatioa,  mega 
would be equally of value t o  a i r l i n e s  but it i s  stressed here 
tha t  by achieving a t o t a l  low-cost, ATC-Navigation system sui ted 
t o  general aviation, the most demanding ATC problem i s  success- 
f u l l y  solved, and a i r l i n e  use w o u l d  natural ly  f o l l o w .  The reverse 
logic of  ATC systea design does r o t  work simply bscause, solving 
the a i r l i n e  problen f i rs t  does not assure a very, very low cost 
solution i n i t i a l l y ,  and thus geaeral av ia t ion  i s  not accommodated. 

The time-ordered reporting of the L02's and a l t i t ude  
froln each a i r c r a f t  can achieve a multifunctional r e s u l t  saving 
several independent systems. This concept i s  very basic, since 
i n  visual  m n d i t i a i s  p i l o t s  can posi t ively a..d eas i ly  maintain 
t h e i r  desired spacing, evea i n  dense t r a f f i c  while maxbizing the 
f l o w  r a t e  03 $3 s e t  of  p a r a l l e l  tracks. This would give a s i m i l a r  
function t o  a l l  a i r c r a f t  alorg a specified t rack  s o  t ha t  each could 
observe others (up and dowz the assigned t rack)  'by a time-ordered 
display of the simplest type (a  s e r i e s  of timed l i g h t s  would even 
do) i n  the cockpit. Such a concept i s  effect ively denied. ATC 
today, since t%e guidance i s  f r o m  a m i l t i p l i c i t y  o f  non-coordinated, 
independent polar ajstems, not permitting overall  sys-bem integra- 
t ion.  

G. 7 ATC SEPARATION AND TRNK SPEED cowrRoL OF IYKLTIPLE AIRCRAFT 
ON THE SAME TRACK 

Usaally most  a i r c r a f t  w a n t  t o  f o l l o w  about the same 
t rack,  since the c i t y  origins and destinations are "grouped" ra ther  
than randomly spazed, Thus, the maximum flow of ATC t r a f f i c  i s  
;?ossible bj achieving, main$aining, and assuring everyone involved 
of the safety of the minbum, safe spaaing possible. 
no wa;7 today  f o r  ATS t o  do t h i s ,  
r i sky  i n  dense t r a f f i c  i f  the radar i s  lost;. 
as a source of d i rec t  parallel-ssparated tracks,  separation sig- 
nals  are e s sea t i a l ,  The idea above o f  using the time slots 

There i s  
Opea-loop radar vectoring i s  

Even with 'JOXCAC 
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t o  achieve the air-to-air t i m e  differences and d i r ec t  measure 
of range differences i s  suggested as a m a j o r  ATC step, 

For example, speed coatrol i s  essent ia l  t o  m a x i m i z i n g  
the use of ATC track-space, since each t rack has a f i n i t e  width 
and a lninimum spacing must be assured anoag a i r c r a f t  on tbe same 
track. Track speed control i s  impossible at preseat, since only 
airspeeds are used, aad the 2 i l o t s  do ;sot know by d i r e s t  means 
t he i r  s2acings along the trask o r  .airway f r o 3  the  t r a i l i n g  o r  the 
preceding a i r c ra f t .  This concept i s  not a CAS (co l l i s ion  avoid- 
ance o r  proximity warning--most such CAS sys tem do a o t  assume 
tracks). 
signals of track posi t ioa a d  rela5ive t rack posit ion giving sepa- 
ra t ion  data f o  each p i l o t .  For  maximizing the flow o f  a i r  t r a f f i c  
and t o  maintain a t  a l l  times a posi t ive,  safe  separation, three 
lnajor Lieeds ex is t :  (1) surveillance, (2) track following, ( 3 )  
di rec t  air-to-air separation. A i r - t o - a i r  data exchange i s  lacking 
i n  nost plans, 

CAS concepts are mostly based on a poor  premise: t ha t  
sornehow the  AT@ has f a i l ed  and the a i r c r a f t  have cone t o o  close 
t o  each other, I n  the  case of each a i r c r a f t  reporting i n  the man-  
ner described, f u l l  posi t ional  data and a p a r a l l e l  noa-converging 
se t  of coordinates i n  three coordinates i s  available, Each coordi- 
nate i s  laminar o r  r ec t i l i nea r  i n  shape, This assumss that  
o3lique-parallels are covering LOP’S a t  90 degTess, Although this 
is  t rue  f o r  t h i s  example, the concept i s  s t i l l  useful a t  other 
LOP crossing angles (Figure 12). 

the t rack direct ion and 200 elements Qf LOP-2 as cross-track posi- 
t i on  (giving the f u l l  coordinate posi t ion i n  a 50-nile-square area 
t o  % m i l e  o r  i n  a 100-mile-square area t o  :4 mile), 
data is  availa3le i n  100 o r  200 foot increments, Thus, we cain 
visual ize  small cubicles of airpsace in to  which the a rea’s  volume 
i s  separated, Each cubicle of airspace, d3fined i n  a loiig base- 
l i n e  TLF system, i s  approximately the same sha2e and has approxi- 
aa te ly  the same or ientat ion aiid the same spacing s o  as t o  have 
uniformity-one of the m o s t  essent ia l  things i n  ATC system 

1% is, howaver, a concept f o r  the use of air-to-air 

Thus, we might have about 200 eleaents of  LW-1 alo:ig 

Thea, height 
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plaming and operation. 
and ATC " s x t o r l *  configuration of a given area (see Figure 2, 
which i l l u s t r a t e s  -the typ ica l  "sectorized" New Pork ATC area) - 
Thus w e  have 200 x 200 x 100 o r  4 x 106 (4 mill ion) of these 
cubicles that  a re  each 1/2 x j4 mile by 203 f e e t  ( i z  a t o t a l  volume 
of airspace 50 x 50 n i l e s  by a 20,000-foot height). 
uniform granularity of posit ional deterinination is  suf f ic ien t  t o  
increase the airspace u t i l i za t ion ,  offering large ca2acity gains 
m e r  today's VOIITAC system, o r  evsn the cost ly  expaxtsioa o f  T O F U C ,  
Even if SSR sur-veillance i s  -improved and expanded, an equivalence 
i n  d i rec t  cockpit display of  posit ion,  t rack,  spacing and area 
wordizxtes is essent ia l  foy a t r u e  closed-loop concept of safe 
ATC- 
dinates tends quickly t o  be dependent upoii " t ac t i ca l "  close-control 
concepts of voice vectoring by ground control lers ,  overloading 
ground control lers  and gyound-to-air data f a c i l i t i e s .  P i l o t  coop- 
erat ion is  of tea  minimal i n  na-rigation, separation, etc., when 
close-control concepts predominate. It i s  essent ia l  t o  put navi- 
gation spacing and other ATC functions back in $he cockpit. This 
implies a low-cos5 airborne solution i f  a l l  airspace users  are 
considered. Since it i s  estimated that; 80 percent of the  a i r c r a f t  
i n  1980 may be s m a l l  general aviat ion a i r c r a f t ,  the  solution xust  
s a t i s f y  t h i s  type a i r c r a f t  o r  it i s  a o t  t r u l y  an BTC solution. 
Merely protecting, guiding, and controll ing a i r l i n e r s  i s  inaaequate, 
since -the democratic use of the airspace and the past  high r i s k  
areas involve small general a-riation a i r c ra f t .  

This i s  par t icu lar ly  t rue  i n  a computer 

This f ine ,  

SSR tracking only o r  BSR coabined with poor navigation coor- 

H. SPEED CONTROL 
Now l e t  us assune t ha t  the a i r c r a f t  f ly ing  dQwn a t rack 

p a r a l l e l  t o  a l l  other t racks and defined by these cubicles of 
airspace i s  able t o  observe the t r a f f i c  ahead, below, above, and 
behind--that is ,  t r a f f i c  on h i s  track--and he assumes t h a t  cross- 
t rack s p c i n g s  of adjacent tracks 3x8 adequate t o  avoid adjacent 
tracks,  t r a f f i c ,  and be f u l l 7  independent fron such adjacent 
t rack t r a f f i c ,  Once a comon speed i s  achieved, a l l  a i r c r a f t  02 
the common t rack  w i l l  maintain it, since the "spacing displa;.;rs" 
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permit the p i l o t s  t o  correct r e l a t ive  spacing t o  keep it constant, 
which i s  -tmtamount t o  a common t r ack  speed, 
p i l o t s  w i t h o u t  t a c t i c a l  type ATC grotand corhrol instruct ions,  
most  types of t r a f f i c  f l o w  studies (say, m a x i m u m  highway t r a f f i c  
flow), speed control and separation dete.mine the maximum capacity 
movements per hour of the  system, 

area r e l a t ive  coordinates provides. d i r ec t  spacing and speed con- 
t r o l  i n  each cockpit. The display of  the mega coordinates gives 
the Area Navigation and/or t rack d i s p l q ,  s o  that l a t e r a l  devia- 
t i o r s  a re  eliminated. Closing, widening, and other descriptions 
of the wide var ia t ion of gaps i n  air-to-air spacing on a cornon 
track i s  avoided i n  the concept of the "string-of-beads" displays, 
With t r a f f i c  evenly spaced, t h i s  uniformity o f  spacing and speed 
can be real ized,  since each p i l o t  can reac t  d i r ec t ly  without a 
ground coa t ro l le r  I estimating each conditio+ "eyeballing" the 
radar sco-e  f o r  estimating, and then relaying vague instruct ions 
t o  the p i l o t s  as he has a o  di rec t  measure. The independext SSR 
surveillance Dqstern w i l l  be ass i s ted  as the users w i l l  see the more 
orderly nature of the t r a f f i c  w h m  observing SSR-ATC gsound dis- 
dlays, T h i s  reduces the need f o r  air-to-ground voice communica- 
t ions since lnost communications often r e l a t e  t o  the aircraft-to- 
a i r c r a f t  problem of maintaining spacing a=ld track deviaL' wion, 

means ex i s t  t o  maintain d i r ec t  cockpit displw of safe separation 
information which precedes and voids the need f o r  CAS and is  far  
more productive in ATC capacity. Collision avoidance i s  a nega- 
t i v e  philosophy as compared w i t h  the  posi t ive philosophy of inte-  
graked a i r  and grmnd d i s p l q  of a l l  per t inent  t r a f f i c  t o  each 
control ler  and p i l o k  based oa comon earth-ref erenced coordinates 
and time-synchronized data exchange, CAS assumes a concept of 
llavoidingrl c o l l i s i o r ,  which i s  an inherent pa r t  of our posi t ive 
concept; mere avoidance of co l l i s ioa  may  be safe but,  not being 
an in t eg ra l  par t  of A'PC, can great ly  reduce ca2acity- Law t r a f f i c  
densit-jr can be safe  t r a f f i c ,  Howe-rer, al l  the projections a re  f o r  
a large increase i n  ATC capacity without  s ac r i f i ce  of safety,  

T h i s  i s  achieved by 
In  

The a i r  disglay of the rect i l inear-paral le l  t rack o r  

T h i s  zoncept avoids the need f o r  any rrCAST' system as the 



requiring a more comprehensive a2d posi t ive concept than those 

on a Salanced b a s i s  -to the p i l o t s ,  the ground co r t ro l l e r s ,  md 
t o  the overall  efficiency and safety of t he  en t i r e  ATC system, 
Since the  concept i s  low-cost and planned f o r  inclusion of general 
aviation, t h i s  user  is not excluded bat w i l l  use airspace comen- 
surate w i t h  the missions, speed, and a i r c r a f t  ty-pes, 

B a s i n g  the ATC system on a CAS concept o r  any exception 
t o  the pr inciples  and ru les  of ATC f o r  all users i s  poor planning- 
Orderly progressioa of the SSR and "wide'' Area Navigatim concspts 
w i l l  s a t i s f y  the  future ,  and increased capacity can be assured 

espoused by the  current (CAS) concepts, Direct aid is given 

safely,  
Thus, a low-cost simple means ex i s t s  in  the concepts 

herein described f o r  speed control as well as air-to-air signaling 
and spacing, Two a i r c r a f t  on the same track can achieve all this 
glon t h e i r   OW^," and yet  be fully harmoaious w i t h  a cent ra l  ATC 
system such as the  SXR transponder system, I f ,  say, a t h i r d  air- 
c r a f t  a r r ives  on the  t rack by ATS assignment, the p i l o t  es tabl ishes  
his  r e l a t i v e  t rack  posit ion w i t h  respect t o  the  others, based 0x1 
ATC instruct ions on spacing and ATC instructed speeds, I f  many 
a i r c r a f t  are  preseat on a given t rack and ATC requires increased 
o r  decreased speed, a message goes t o  a l l ,  and th i s  i s  executed 
over a s low time period t o  avoid any excessive accordion e f f ec t s  
of high closing velocity,  and would,  o f  course, be i n  s m a l l  incre- 
ments of about 3 t o  5 percent of veloci ty  change. Say, 150 kno t s  
increased t o  155 knots, o r  decreased t o  145 knots ,  which i s  a 
typ ica l  condition that might be required by cent ra l  ATC observing 
the n a l t i p l e  a i r c r a f t ,  each OD a cornon t rack and each observing 
the spacings of a l l  others nearby on the common track, 

I, l4'UItTIpLE TRACK IWTEGRATIOX WITH PAR&TJ;EL COORDINATES 
We have discussed m e  of the m o s t  important aspects of 

AT@ and how VIIF navigation Olnega coordinates an.d general aviation 
usage of a new Omega-A system can great ly  a i d  VORTAC and SSR i n  
the forthcoming gems of predicted ATC airspace saturatioa =id 



overloads. 
parallelism, spacing between adjacent tracks,  separation of air- 
c raf t  on a common track, and, of course, track speed control by 
d i rec t  p i l o t  internention i n  the ATC control loop using "along 
the track" displays , something readi ly  achieved automatically i n  
the time-ordered scheme herein presented u t i l i z i n g  Omega data 
transmission. 

We have concentrated ox common track problems of 

The next problem is ,  of .course, the merging of t w o  
-:racks in to  a s ingle  common track. One of t he  best examples of 
th i s  problem i s  the feeding of a loca l izer  t rack that goes t o  a 
single runway f rom two o r  more airways. The t rack from the  East 

l i g h t l y  loaded. S ~ T  a 4:l r a t i o  ex i s t s  i n  the inbound t r a f f i c  
f low f rom these two directions and the coa t ro l le r  desires  that 
one a i r c r a f t  02 t he  West t rack merges a f t e r  each four a i r c r a f t  
on the East t rack  have s t a t e d  down the  loca l izer  on final approach. 
T h i s  r a t i o  of merging t r a f f i c  could be a l t 4 ,  2x8, o r  an average 
of  l r5 ,  1:3, l:4, etc. A t   try r a t e ,  t h e  technical problem i s  
maintaining the schedule md  spacing o f  a l l  a i r c r a f t ,  s o  that  
the t r a f f i c  f l o w  i s  synchronized -between the two VLF tracks; 
thus , the  lneshing problem i s  minimized. Often "path-stretching" 
techniques are used s o  that  by a variable-radius, variable turn- 
time, spacing er rors  are corrected, gaining o r  losing r e l a t ive  
t o  a time-position s l o t  on the common t rack  i s  the ru le  of the 
game. 

problems, since a change i n  track deviation will bring the air- 
c ra f t  t o  the loca l izer  i n  quantified gain o r  loss pos i t iona l  un i t s ,  
Possibly a loca l izer  intercept  distance closer o r  fur ther  will 
suffice.  However, the influence of t h i s  "meshingif operation i s  
ref lected all the  w a y  back 03 each t rack  md, though it c a  be 
soxewhat eas i ly  computed by ground SSR data, it i s  not eas i ly  
exezuted i n  the cockpit since variables (winds alone) can crezte 
d i f fe ren t  air speeds, denying a good cormon f i n a l  t rack speed o r  
meshing speed, E'urtheraore, no adequate da*a treLrsrnission means 
ex is t  t o  inform each a i r c r a f t  of a l l  the  detai led data that i s  

be heavily loaaed, aad the one from the Yest i s  simultaneously 

h e g a  tracks again a re  idea l ly  sui ted f o r  such ATC 
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s o  obvious 
c ra f t  * 

i t h  a common track display of a l l  common track air- 

T h i s  meshing ef fec t ,  re f lec ted  a long ay back on the 
two separate but interlocked t racks,  is ideal ly  solved by VLF 
coordinates (such as Omega), since every mega t rack  i s  not rnade 
up of a ser ies  of independent TOR radials separately generated 
but i s  a continuous and geometrically contiguous path computable 
Over hunclreds of miles. Every increment of Omega i n  New York can 
be exactly re la ted  t o  Omega elernents i n  Philadelphia o r  Chicago, 
permitting ATC f o r  -the first t ine  t o  have d i r ec t  track control 
of  speed and spacing t o  any distance commensurate w i t h  the t rack  
convergence where common tracks come together a t  a commoz terminal 
and each must be e f f i c i en t ly  controlled t o  o- t imize capacity and 
f l o w  t o  the runways. Speed and spacing control effected.over 
multiple long t racks (cazpying coaverging t r a f f i c  to approach a 
se t  of pa ra l l e l  runways) are far more effect ive than f i n a l ,  local- 
i ze r  intercept ,  split-second path-stretching, and other current 
ATC practices.  O f  course, both meshing t racks have the same 
highly re la ted  coordinates since both would use Omega3 thus, an 
a i r c r a f t  8 t o  10 a i r c r a f t  back f rom mesh can be re la ted  -to another 
a i r c r a f t  03 another t rack tha t  aay be 10 t o  11 a i r c r a f t  back froin 
mesh; thus, the two W j l l  f i n a l l y  space smoothly a f t e r  meshn, 



IV. STATION LOCATION AND CYCLE TINE 
FOR U,S- VLF NAVIGATION ATC SYSTm 

Basically the Omega-A s ta t ions  should be located t o  
optimize the transnission times (ground wave area),  create the 
best  geometrics of the multiple LOP'S, and determine whether 
U.S. s i t e s  or possibly s i t e s  i n  Canada and/or Mexico a re  required, 
By locating the s t a t ions  somewhat .beyond the U.S. border (of t he  
48 s t a t e s ) ,  the near transmission times and the undesired curva- 
ture  of  the LOP'S i s  minimized, T h i s  goes back t o  t he  or iginal  
postulation that i n  i t s  simplest form the "raw" Omega LOP i s  used 
w i t h  a simple cockpit course deviation indicator  ( C D I )  consisting 
of two (mutually perpendicular) crossed pointers. 

simplified operations; t h i s  creates  an Area Navigation capabi l i ty  
by f ly ing  only d i r ec t ly  on a se r i e s  of selected LOP'S (avoiding 
any coordinate computations), One must remember that  any "centi- 
lanet1 of VU? can be selected and displaced t o  the center of t he  
CDI, For example, i f  a f l i g h t  between two lanes occurs, and i t  
is  near centilane 53, then the p i l o t  s e l ec t s  the lane and centi- 
lane f o r  the course deviation display (centilane 53 is  
zero-centered), 
l e l  courses p a r a l l e l  t o  the direct ion of any LOP w i t h  constant 
spacing, For example, as Figure 13 shows, the p i l o t  crosses lane 
51.00 and s e t s  t h e  centilane t o  0.53, and then turns in to  t h i s  
centilane (51.53) following it t o  the crossing of lane 105 (of 
the obliquely crossing lanes) ,  and then s e t s  centilane 105-47 
turning in to  it. 

T h i s  navigation process i s  equivalent t o  VOR r a d i a l  
selections,  intercepts ,  etc.,  except that it i s  simpler and eas ie r  
because of the constant Omega s e n s i t i v i t y  and be t t e r  a b i l i t y  t o  
eas i ly  judge intercept  distiances (turning, say, 20 centilanes 
before the desired one t o  a l low f o r  the  turn  radius of a i r c r a f t  
and Omega delay), 

Figures 8, 9, and 13 show that the raw LOP data exemplify 

Thus, loca l ly  there  i s  an i n f i n i t e  number o f  paral- 

T h i s  w a s  demonstrated during t h e  approximately 
1 hour of f l y ing  experience that w a s  
s t r a t ions  (reference 2 ) ,  Thus, such 

gained i n  the McFarland denon- 
area f ly ing  is  much easier  
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t o  teach t o  new IFR student p i l o t s ,  and i s  far  less  cost ly  
than the  VOR/DME/Computer display of the VORTAC system, 

The locations of t h e  s ta t ion should, therefore,  pro- 
vide t o  the maximum degree t h i s  simplified use of  Omega. Even 
i n  the Boston area very near the New York Omega s t a t i o 2  the  LOP'S 
of New Pork-Trinidad are  remarkably s t ra ight .  Even SO, i f  the 
statio;? were, say, 500 miles i n t o  Canada, t h i s  would give good 
coverage, However, from an ATC vi.ewpoint of serving the dense 
areas where general aviatioa actual ly  needs such a system, these 
areas are i n  most cases suf f ic ien t ly  within the U.S. borders S O  

t ha t  t h e  Omega-A station could be located within the  U.S. boundary. 
To optimize the distances t o  the Omega stations (signal strength, 
diurnal e f fec t ,  etc.), some computer runs on the geometrics of 
several possible s t a t i o n  locations should be made t o  s a t i s f y  the 
requirements of good LOP crossings and the  m a x i m u m  extent of 
s t ra ight  LOP'S. 

United S ta tes  (about 4.0 x 106 miles) vs the  Omega +station poten- 
t i a l  of about 4,000 x 5,000 o r  20 x lo6 miles, it i s  obvious tha t  
several parameters o f  a &stat ion Omega chain f o r  the  U,S.-only 
application can be optimized and improved over world-wide Omega. 
For  general aviat ion use, considerable improvement over w h a t  i s '  
experienced today with the U.S. coverage of world-wide Omega is  
possible. 

It is not implied tha t  there is  mything wrong with 
the U.S. coverage by world-wide Omega u t i l i z i n g  sophisticated 
receivers and processors; instead, we a r e  merely discussing an 
optimized condition f o r  obtaining simplicity,  lowest cost ,  reduced 
data delay (4 seconds between samples), and minimum diurnal and 
other propagation effects .  Means of automatically correcting a 
s m a l l  area,  such as the United States ,  is possible as it is but 
20 percent of t he  world's surface a r e a c  Obviously, theore t ica l  
study w i l l  be required on t h i s  subject, though the 4 s ta t ions  
might emit near the 13.6 kEIz of world-wide Omega t o  obtain the 
greatest  number of e l e c t r i c a l  (phase angle) degrees per mile of 
track change. Perhaps a stronger s igna l  and t h e  use of another 

When considering a s m a l l  geographic area such as the 
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VLl? frequency (nearby) f o r  heterodyning m a y  be necessary, since 
the "coarse-fine" r a t i o  would be about t he  same as that  exis t ing 
w i t h  the  present 10-2 kHz and 13-6 kHz (3.4 H z )  signals,  T h i s  
new heterodyne signal might be s i m i l a r  t o  the present s igna l  
creating a non-ambiguous posi t ion indication of about 30 miles, 
Composite processing of t he  two signals  by methods demonstrated 
by Professor Pierce r e s u l t  in enormous reductions of diurnal 
e f fec ts  (reference 9)* Thus, w i t h  only a .dual-frequency Omega 
receiver (rather than the  5-speed world-wide system), the  desired 
general aviation service can be rendered. Furthermore, some ef fec t  
on s t a t ion  location and use of optimized geometrics f o r  ambiguity 
resolut ion w i l l  occur t o  enhance the 2-speed ambiguity of the  
l u g e s  t value 

Once having planned t h i s  network, of course, the sta-tions 
ex i s t  f o r  other frequency,emissions just as i n  the Omega world- 
wide chain, so that ambiguity resolutions could eas i ly  be enlarged 
t o ,  say, 2,000 miles f o r  a i r l i n e  use, O f  course, t h i s  requires 
a more sophistica%ed receiver. 

s i t e s  and the VLF frequencies -they w i l l  emit is  hopefully t o  pro- 
vide general aviat ion w i t h  the maximum benefi ts  a t  the lowest cost 
on a national,  n o t  local ,  basis, T h i s  W-Xavigation system would 
be compatible w i t h  and synchronized w i t h  world-wide Omega, 
re la t ionship i s  summarized i n  Table I. 

the design problems i n  great detail5 however, the s teps  a re  out- 
l ined by which these problems can be ident i f ied ,  resolved, and a 
decision arrived a t  on the future of O;nega i n  ATC and general 
avi a t  ion * 

The objective i n  select ing the Omega-A transmitt ing 

The 

It i s  not, of course, possible i n  t h i s  studs t o  give 

1, Conduct a computer modeling of several locations of a 
3 o r  4 s t a t i o n  chain of Omega-A emitting s l igh t ly  above 
o r  below 10.2 and 13.6 kBz w i t h  a heterodyne frequency 
not fa r  d i f fe ren t  f rom world-wide Ome'ga optimizing the 
maximum non-ambiguous range difference, 

2, &amine on a U,S,-only basis the s ignal  strengths, the 
geometries, and the  diurnal e f f ec t s  of  several  candidate 
configurations of a 3 t o  4 s t a t i o n  chain, Test the 6 
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WORLD-WIDE OMEGA 

8 STATIONS 

10-SECOND SAMPLING 

TABLE OR DI.FFERENTlAL 
' DIURNAL CORRECTIONS 

4000 TO 5000 mile 
BAS E LI N ES 

FREQUENCIES 
(THREE CARRIERS) F, ,Fz,Fs 

AVERAGE SIGNAL LEVELS 

ABOUT 3 T 0  4 LINES OF 
POSITION ANYWHERE 

IO TO 14 kHz REGION 

COMPLEMENTS 
4 - STAT IO N 
U.S. CON F I GURATION 

DIURNAL CORRECTION 
AREAS ABOUT 5000 
( 2 0 0 n m x  2 0 0 n m )  

COVERAGE AREA 
(a ppr oxi m at el y 1 

200 mi l l ion sq. miles 

60 mi I lion - LAND 
140 million-WATER 

US.-ONLY O M E G A  

4 STATIONS 

4 T 0  5 SECOND SAMPLING 

AUTO MATI C DIURNAL 
CORRECTIONS WITH 
CENTRAL STATION 5th 

1500 TO 3000 mile 
BASELI MES 

FREQU E NC I E8 
(TH REE CAR R I€ RS 1 F., Fb, Fa 

STRONGER SIGNAL LEVELS 

ABOUT 5 TO 6 LINES OF 
POSITION ANYWHERE 

10TO 14 kHz NAVIGATION 
15TO 25 kHz DIURNAL 

CO M PLE M EN TS 
8-STATION 
GLOB A L CON FIG U RAT ION 

DIURNAL CORRECTION 
AREAS ABOUT 100 
( 2 0 0 n m  x 200nm)  

CQVERAGE AREA 
(approximately) 

4 mi I l ion sq. miles 

3.5 mil  l ion - LAND 
.5 mil l ion - PERIPHERAL 

WATERS 

Table 1. RELATIONSHIP OF WORLD-WIDE TO U.S.-ONLY OMEGA 
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hyperbolas t o  optimize crossings and ncomse-fine" lane 
spacings f rom selected pairs.  

3* Barnine cases f o r  the  s ta t ions  within the United S ta tes  
boundaries (48 s t a t e s )  as w e l l  as  possible s i t e s  i n  Mexico 
and Canada, 

4, Study the  integration of the Omega-A ( o r  U,S.-only) w i t h  
the basic (now comi t ted  world-wide) Omega plan ( s ta t ions  
i n  Trinidad and Minnesota) t o  determine whether some 
integration of the s i t e s  could occur w i t h  the Omega-A 
using these two s ta t ions ;  this would reduce the cost of 
the U,S.-only ins ta l la t ions .  Several permutations and 
conbinations ex i s t :  use only one of these exis t ing sta- 
t ions;  use two of them1 use 2 additional (U.S,-only) sta- 
t ions;  use 3 (U,S,-only) s ta t ions ;  use only 1 additional 
(U,S.-only) s ta t ion.  

5. Study transmitt ing cycle s ignal  formats and choice of 
frequencies t o  opt imize the use f o r  general aviation and 
f o r  transcontinental  a i r  ca r r i e r s  as a national navigation 
network "comes f o r  f ree"  even when a t ten t ion  is given t o  
a 2-frequency-only receiver w i t h  optimum performance i n  
local  areas (say ,  200 miles  on the side).  

6, Study low-cost Omega receiver designs, such as a modular 
concept where some 8 t o  10 basic modules are developed 
tha t  can be assembled into a 1-frequency, 2-freque.ncy, 
o r  ?-frequency receiver w i t h  modules f o r  local  o sc i l l a to r  
processing, and d i r ec t  (raw) LOP/CDI indication outputs, 

7. S t u d y  several configurations f o r  the sealed C D I  type map 
and track following displays and have models b u i l t  and 
f l i g h t  tes ted  i n  selected areas against existing Omega 
signals. 

8, Tes t  various m e a s  of automatic diurnal corrections such 
as a central  s t a t ion  u t i l i z i n g  a continuous channel f o r  
data transmission t o  loca l  areas o r  a sharing of the VLF 
navigation frequency . 

9- Long-term general aviation t e s t ing  of the Omega s ignals  
fs required, The de ta i l s  of the t e s t  mi3t be commensurate 
i t h  the signal strength, proximity t o  a t r ansn i t t e r ,  

e tc , ,  of  the  U.S,-only chain (say,  f lying on Trinidad- 
Mew York a t  the baseline mid-point). 
be run continuously for one year w i t h .  an instrumented 
a i rc raf% t o  measure s t a t i c ,  autoslatic diurnal correction, 
accuracy, S I D ,  e t c , ,  tha t  may adversely affect  the system 
and require system changes, 

These t e s t s  should 

10, S t u d y  the applications of Omega t o  ATC a t  various loca- 
t ions in the United States  t ha t  now have pressing needs, 
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such as the  Northeast Corr idor  Southeast Corr idor ,  and 
the Ghicago-Great Lakes areas e Examine surf ace signal 
levels ,  e f f ec t s  of hangars, use of the signals on an 
a i rpor t  surface ( reg is t ry  of posi t ion i n  the cockpit 
before takeoff),  Also  examine the use of monitoring 
locations throughout the United S ta tes  t o  assure perform- 
ance and develop flight-inspection techniques. 

11. Use computer analysis on a i r  t r a f f i c  flowing a t  prescribed 
lower a l t i t udes  (from j e t  t r a f f i c )  that  w i l l  be mostly 
general aviation t r a f f i c  t o  determine the t r a f f i c  capacity 
of the Oaega airways thaf; can be generated d i r ec t ly  w i t h  
coordinates from the U.S.-only Omega chain, Since most  
a i r  t r a f f i c  i s  on a p a r a l l e l  basis ( a l l  runways in New 
York a i rpo r t s  are  e i ther  4-22 o r  13-31, f o r  example], 
a natural ,  harmonious , geometric condition ex i s t s  that  
probably i s  needed in  ATC and is  inherent i n  the Omega 
coordinates. Determine how f a r  this argument applies 
throughout dense and low-density air t r a f f i c  areas of 
the United States.  

12, Examine the integrat ion of the Omega Navigation and a i r  
t r a f f i c  usage w i t h  SSR, TOIltCAC, and exis t ing (ATC) alpha- 
numeric computer display centrals--for example, inser t ion  
o f  Omega data into exis t ing ATC displays, and using Omega 
as an equivalency of DME w i t h  TOR s ta t ions  o r  ILS local- 
izers.  

13. Flight-test  the concept of  the air-to-air separation 
data f rom Onega s ignals  t o  determine f e a s i b i l i t y  and 
then u t i l i z e  t h i s  data In computer simulation of t r a f f i c  
handling using such dual inputs of proximity warning data 
(between a i r c r a f t  and a i r c r a f t  t o  surface). 

14. Test t he  BTL t r i p l e  tone data transmission (selection of 
100 codes i n  40 milliseconds) as a m e a n s  o f  relaying 
airborne-sensed Onega coordinates t o  ground f a c i l i t i e s .  

15. Test t h e  simplified use of Omega coordinates f o r  low-cost 
ATC displays and low approach w i t h  d i f f e ren t i a l  correc- 
t i o n  f o r  thousands of s m a l l  a i rpo r t s  and very low density 
a i r  t r a f f i c  areas including low a l t i t u d e  coverage, 
Simple ro l l -ca l l  techniques m a y  permit three-dimensional 
data, 

16. Examine a i r l i n e  and high-altitude t r a f f i c  usage of Omega 
f o r  a tlno-charmel-change" universal navigation system 
f r o m  coast t o  coast, A l s o  ex'anine airl ine-to-airl ine 
separation (proximity warning) a t  high a l t i t udes  using 
the air-to-air mode of Onega ro l l - ca l l  techniques herein 
described, Also  examine the common airspace sharing by 
general aviation and a i r l i n e s  both  using Omega i n  such 
common airspace f o r  navigation, WI, t rack separation, 
v e r t i c a l  separation, e tc ,  



17. Test and study the  use of the Omega time signals f o r  
a nat ional  aviation timing source, because many of  the 
functions can beaef i t  by using a simple time standard 
available i n  all a i r c r a f t  and a l l  ground f a c i l i t i e s  
(goal  i s  a $250 general aviation un i t  accurate t o  about 
1 t o  2 milliseconds throughout the Omega 10-second 
sequence, assuming a 4-station 5-second cycle, 

18. Test several  of the d i f f e r e n t i a l  Omega concepts such as 
(1) use of 81dead-time*1 of Omega receivers f o r  processing 
of a VBF transmitted signal f o r  diurnal correction, (2) 
elapsed time between such updates on a national basis, 
(3) means of automatic voice updates on Omega using TOR 
o r  s i m i l a r  voice c i r cu i t s ,  and (4) the poss ib i l i t y  of  a 
common Unicorn frequency, Also  t e s t  KLl? f o r  s low r a t e  
d i g i t a l  transmissions addressed t o  d i s t i n c t  pa r t s  of the  
country, 
correct ions t o  r e s u l t s  of dual-f re  quency "cornposit e-Omega 
technique s . 

Compare s ingle  frequency automatic diurnal 

19, Examine the VHF communications load  w i t h  the  national 
use of Omega-TOR i n  general aviat ion use only; then, f o r  
a l l  airspace users  determine the  amount of voice loading 
that can be reduced w i t h  a national gr id  of  navigational 
coordinates and a national air-to-ground data reporting 
system of  these grid signals. Determine whether th i s  
creates t he  redundancy essent ia l  f o r  the SSR data (high- 
density t r a f f i c ) ,  mamine the r e s u l t s  obtained, assuming 
that a l l  IFR t r a f f i c  i s  under control of both the SSR and 
the VLF systems. Surveillance SSR data and independent 
navigational data (VLF-VHF), a l s o  reported t o  t he  ground, 
provide the  essent ia l  safety f o r  high-density mixed 
t r a f f i c  because the VLl? data corresponds t o  the actual 
information u t i l i z e d  by the p i l o t  f o r  t rack following, 

20. Examine the air-to-air and air-to-ground proximity warn- 
ing features  of a simple time s l o t  reporting of height, 
positions, e tc , ,  and the m a x i m u m  degree of simplicity 
and minimum cost that can be achieved i n  combining the 
barometric sensing, 1 3 5  tone data, time s l o t s ,  and s o  
f o r t h ,  i n  an a i r c r a f t  readout of another a i r c r a f t ' s  mes- 
sages, Determine whether a dualntode of sequential time 
s l o t s  and multi-tone data l i n k  i s  optimum. 

21, Conduct a VRF ATC-coamunications channelization s k d y  
f o r  establishing a few national open VHF channels such 
as r8Unicomt1 f o r  time s l o t  o r  tone data l i n k  reporting, 
Theoretically, such a sjstem should reduce the voice load 
s o  extensively as t o  f ree  several  channels f o r  full-time 
VHF data transmission of mclF Omega coordinates t o  and 
from a i r c r a f t ,  These VFfF channels could serve about 50 
a i r c r a f t  simultaneously w i t h  PWI, air-to-air t rack sepa- 
ra t ion,  a l t i t ude  reporting, e tc ,  
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Examine a t o t a l  national plan where one coordinate 
system ex i s t s  on a % t o  $ mile accuracy basis. 
mine whether t h i s  system can carry the f u l l  t r a f f i c  
load i n ,  say, 30 years, while i n  %he interim jo in t  
VORTAC-Omega coordinates ex i s t ,  even i f  t h i s  i s  l e s s  
e f f i c i en t  i n  use of airspace, Establish an optimum cost- 
benefi ts  relationship between a l imited future VORTAC 
environmeat and a national navigation and posi t ion 
reporting system a 

Deter- 

Study and f l igh t - tes t  the  emission o f  the time signals,  
BTL data, and the Omega coordinates over VOR s t a t ions  
since the VHF navigation equipment i n  most general avia- 
t i o n  a i r c r a f t  could provide a dual function of data on 
the voice channel and normal VOR navigation. 

Study  and f l igh t - tes t  a " m i x "  of VOR and Omega LOP 
signals,  since an Omega receiver m a y  be cheaper thar, a 
DME receiver. The concept i s  that the VOR would send 
the Omega d i f f e ren t i a l  signal s o  that  the coordinates 
c o d d  be f u l l y  referenced t o  the VOR the p i l o t  is tuned 
t o  (and u t i l i z i n g  f o r  navigation). Test the following 
of LOP'S of Omega using VOR radials as distance 
along t rack o r  destination. Various conbinations o f :  
1 Omega LOP and VOR, 2 LOP'S and VOR 3 LOP'S and VOR, 
1 LOP and 2 VOR's, 2 LOP'S md 2 VORls, etc , ,  should be 
considered, Examine the integrations of VOR and Omega 
LOP f ly ing  in  the same instrument since they a re  both 
C D I  type instruments. 

T e s t  the .time of a r r i v a l  at  multiple ground s i t e s  of 
Omega-timed VEF signals from a i r c r a f t  as an independent 
surveillance and posi t ion correlat ion technique. 

Most C D I  instruments have but two mutually perpendicular 
needles, Tests (human fac tors )  and f l i g h t  validations 
should, therefore,  be made of the use of a double-needle 
display using color-coded needles f o r  smooth t ransi t ion-  
ing  from one LOP t o  another, o r  f o r  showing destination 
LOP crossings and current posit io;? LOP crossings, T h i s  
i s  w i t h  a gimbal arrangement f o r  presenting true geometric 
LOP crossings, Such an instrument my a id  considerably 
i n  the ATC usage of Omega by general aviation, 

S t u d y  and t e s t  the concept of a v e r t i c a l  radar signal  f o r  
in-fl ight cal ibrat ion of barometric-sensed height t o  
permit lots-cost barometric encoding as in radio-sonde 
uni t s ,  This unit  i s  t o  be integrated w i t h  an Omega trans- 
mission f o r  d i f f e ren t i a l  correction and posit ion and 
iden t i ty  reporting, s o  that  the two "different ia l7 '  con- 
cepts of v e r t i c a l  and l a t e r a l  separation are t rea ted  i n  
concert md not i n  coMlic t ,  



28, Obtain permission from the Navy t o  t e s t  a slow d ig i t a l  
message .t;ransmitted t o  existiing Omega stations during 
the i r  dead time t o  t e s t  the concept of a national system 
w i t h  automatic continuous diurnal corrections. 
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V, AUTOMA'PIC CORRECTIOM OF VLF HAVIGATIOEJ ERRORS 

Many references explain the e f f e c t  on navigation of 
the var ia t ions i n  propagation that occur in the VLF region. 
Perhaps the best  summation of these and re la ted  engineering prob- 
lems i s  contained i n  a recent book by Arthur D, Watt (reference 7)- 
The waveguide modes of the  two main frequencies of Omega (10.2 
and 13-6 kHz) vary somewhat during the day as the sun path across 
the e a r t h ' s  surface var ies  the e f fec t ive  height of the  ionosphere, 
Since the  actual posit ion of a given LOP is  determined by i t s  
geometric re la t ionship t o  the varying ionosphere, various base- 
l i n e  direct ions need d i f fe ren t  correction. 

the diurnal var ia t ion  at  any point i n  the coverage of a p a i r  of 
Omega s ta t ions ,  and th i s  i s  done by the  N a v y  using past  h i s tory  
a rd  caaputer simulation of the waveguide VIjF transmission modes, 
These diurnal correction tab les  are published and used by ships 
and a i r c r a f t  that use Ctmega receivers, Prediction accuracy i s  
improving continuously and w i l l  probably r e s u l t  i n  overall  predic- 
t ions  of  l e s s  than 1 mile of error anywhere in the coverage of 
the world-wide, 8-station complex. 

mode, it is  possible t o  u t i l i z e  the  f a c t  that  the phase shif t  of 
one frequency is  i n  the opposite direct ion f r o m  the other frequency 
( thwgh at  a d i f fe ren t  amplitude) and, when properly used, creates 
an effect ive cancellation of the two shifts, T h i s  comes about 
theore t ica l ly  f rom the f a c t  tha t  the waveguide velocity var ies  
f o r  the two frequencies that  are separated by about 30 percent. 

e r  a t  a surveyed poin t  i n  a loca l  area and transmit the diurnal 
errors  established by comparing i t s  locat ion and the actual received 
LOP'S w i t h  an averaged LOP position, 
accuracies of about $ t o  % mile can be expected (reference 10). 

Thus, there a re  many ways t o  reduce the diurnal e r ror  
since it is  highly predictable and repeatable, It can be removed 
f o r  operational purposes j u s t  as the var ia t ions i n  surface 

It i s  possible t o  predict  w i t h  a f a i r  amount of accuracy 

By coinparing t h e  13.6 kHz and 10.2 kRz in a composite 

It i s  a l s o  possible t o  locate an Omega monitoring receiv- 

9hese t e s t s  have shown that 



barometric pressure are  transmitted t o  a i r c r a f t  t o  add o r  sub- 
t r a c t  t o  t h e i r  airborne u n i t s  (of barometric pressure measure- 
ment), which is  operationally u t i l i z e d  as a l t i t ude  data f o r  both 
a i r  and ground in  the national ATC system, 

A -  UNIFORM HATIONAL MONITORING OF vI;F S I G N A I S  
It i s  possible t o  organize the method of correction of 

the VLF diurnal e f fec ts  somewhat d i f fe ren t ly  than i n  the past  t o  
improve the forecasting of  the  d i f f e r e a t i a l  data  and t o  provide, 
if desired, a f u l l y  automatic diurnal correction i n  the a i r c r a f t  
receiver. Figure 14 i l l u s t r a t e s  a concept that uses about 20 
Omega receivers that are  s t r a t eg ica l ly  located throughout the 
United States. These s i t e s  receive at specif ic ,  precisely sur- 
veyed locations the s ignals  f r o m  the f o u r  VLF stat ions,  The 
receiver outputs are converted t o  low bandwidth data transmission 
t o  be sui table  f o r  transmission of a l l  t h e i r  outputs by normal 
land wire t o  a cent ra l  computer i n  the cent ra l  p a r t  of the United 
States.  

A t  t h e  computer the instantaneous readings of the phase 
angle a t  the various locations are  exmined on a total-area basis, 
compared w i t h  past  his tory and any possible non-ordinary occur- 
rences (such as s o l a r  f l a r e s ,  XD's, e tc , )  that  m a y  a f fec t  t he  
ionosphere, These inputs on a continuous bas is  f rom a wide area 
permit much more precise prediction t o  be made than is usually 
experienced. One must r e c a l l  that the four VLF s t a t i o n s  that 
serve the United S ta tes  provide navigation f o r  an area only 2 
percent of the t o t a l  area covered by the  eight-station 
world-wide net,  Thus, each monitor represents but about 0.1 per- 
cent of the ea r th ' s  surface, Such a scheme i s  su i ted  t o  such 
s m a l l  areas, but it i s  probably not su i ted  t o  a world-wide instal- 
la t ion.  Furthermore, 90 percent of the  U.S. coverage i s  land, 
allowing ground monitoring, whereas only 30 percent of the w o r l d ' s  
surface i s  land, resu l t ing  i n  enormous unmonitored areas. 

value of the correction s ignals  that should be used anywhere i n  
the t o t a l  coverage area of t he  f o u r  s ta t ions.  

The central ly  located computer then computes the  ac tua l  

T h i s  output is then 



V L F  STATIONS 

DIURNAL CORRECTION 
RECEIVER S ITES 

Figure 14. 
ABOUT 2 0  M O N I T O R I N G  S I T E S  FOR COMPUTATION 
OF N A T I O N A L  D I U R N A L  CORRECTION MESSAGES 
AND FOR QUALITY CONTROL O F  GUIDANCE DATA 
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transmitted t o  airborne receivers over a f i f t h  s ta t ion  ( a l s o  on 
VLF) on a continuo-us basis,  The diurnal correction data from 
the computer can also be transmitted on a national basis,  i f  
desired,  t o  individual loca l  areas and placed on the VOR voice 
channel, VHF Unicorn, o r  special  national BHF communication fre-  
quencies. Aircraf t  reception over BHF of diurnal corrections i s  
i n  voice s u i t e d  t o  manudl p i l o t  inser t ion,  There are also several 
possible ways of automatically correcting, through the Omega 
receiver,  the diurnal error  using d i g i t a l  data correction trans- 
missions. 

One of the most intriguing methods i s  t o  use the  Omega 
receiver i t s e l f  t o  receive the central  message, decode it f o r  the 
loca l  correction, and automatically in se r t  the corrections in to  
the receiver output, 

centralized transmission, it should be noted that the 20 s i t e s  
would be typical  of the t o t a l  needed f o r  monitoring a t o t a l  VLF 
coverage of the United States.  For cost comparisons consider 
t ha t  the VORTAC system requires two major monitors a t  each s i t e :  
one m o n i t o r  f o r  DME and one f o r  VOR. Efirtilermore, many a i r c ra f t  
are flown on nearly a continuous bas is  f o r  f l i g h t  inspection of 
the VORTAC signals,  Thus, tg guarantee the safe,  continued opera- 
t i on  of the national VORTAC network of po la r  coordinate navigation, 
2,000 loca l  s t a t ion  monitors are needed w i t h  2,000 remote indica- 
t ions  of the monitor outputs. The massive manpower f o r  ins ta l la -  
t ion,  maintenance, monitoring, f l i g h t  inspection, e tc , ,  f o r  VORTAC 
is  an enormous, continuous , f inanc ia l  d r a b  on t h e  resources of 
the FAA, 

Prior t o  discussion of the method of transmitt ing t h i s  

With a national, wide-area, VLF coordinate navigation 
system, localized monitoring i s  unnecessary since the generalized 
propagation charac te r i s t ics  of vL;E’ can be monitored for the  whole 
nation at  about 20 c r i t i c a l  locations and fed t o  the central  con- 
puter f o r  processing and transmission of loca l ly  addressed correc- 
t i on  signals. 

face receiving s i t e ,  carefully selected t o  sense the t rue,  loca l ,  
The performance and in t eg r i ty  of VU? signals a t  a sur- 
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Omega flux, i s  a f a i r  reproduction of  t he  same signal at  a l t i -  
tudes zp t o  the highest used i n  aviation. VOR monitoring on 
the bo t tom skirts of the bottom v e r t i c a l  lobe does n o t  o f f e r  
t h i s  same high degree of  in tegr i ty  and correspondence between 
what data i s  monitored and what data the p i l o t  uses i n  f l i g h t ,  
Thus, Figure 15 suggests cent ra l  monitoring, diurnal computations, 
and other quality control functions tha2; would be required of a 
national l a t t i c e  of vI;F coordinates created by the 6 LOP'S. 

B, PEASELCODED MESSAGE FOR DIURNAL CORRECTION 
It i s  possible t o  transmit from one central ly  located 

VIJ? t ransmitter a s low phase-coded message that should be received 
without error  under any conditions where VU? navigational s ignals  
can be received. The automatic diurnal correction signal w i l l  be 
assured i n  the same manner as the VLF navigation i s  assured nearly 
continuously from an adequate number of high-powered p a i r s  selected 
from the four-station complex. By using a slow transmission cycle 
that i s  synchronous w i t h  t he  switching cycle of the  VLF navigation 
net, we can assume that a continuously synchronized means of  a 
ro l l -ca l l  t o  spec i f ic  geographic areas can be realized. An 
example of such a message i s  shown i n  Figure 15, where the  phase 
of the  T%GF signal  i s  sh i f ted  i n  90-degree s teps  w i t h  some 8 b i t s  
i n  a given fraxe t o  create a possible se r i e s  of coded data mes- 
sages t o t a l i n g  about 100. As shown i n  Figure 15, since the  mes- 
sage i s  completed i n  about 1 second, it i s  possible in 100 seconds 
t o  send messages t o  a hundred (os  s o )  designated areas of the 
United S ta tes  simply by organizing a sequential geographic r o l l -  
ca l l .  The message having a poss ib i l i t y  of conveying 100 quanti- 
t i e s  would be able.-to correct t o  1 percent of a lane width, or 
the quantized e r ror  corrections would be i n  s teps  of about 500 
f e e t ,  o r  assume 22.50 f ee t ,  

t es ted  similar phase-coded messages, and the r e s u l t s  indicate 
that  t h e  large s teps  i n  phase difference overcome any poss ib i l i t y  
of  phase e r rors  caased by noise, If f o r  signal format economy 
one would desire  a more sophisticated message, s a y ,  i n  s teps  of 

Professor J. A, Pierce of H a r v a r d  has successfully 
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30 degrees of phase angle change ra ther  than 90-degree phase 
steps,  t h i s  would create a greater  number of  code var ia t ions 
and thus require l e s s  time t o  t r a n s m i t  a given correction signal,  
However, occasionally the noise bursts m a y  be suf f ic ien t  i n  l eve l  
that  the  30-degree phase conditior could be sh i f ted  o r  d i f f i c u l t  
t o  interpret .  Thus, 30 degrees seems inadequate based on past  
experience, A possible coqprwise using 60-degree s teps  i n  a 
d i g i t a l  phase-coded message format i s  noted i n  Figure 16, 
evident that  the optimum code can be determined only by t e s t ing  
under typ ica l  propagation conditions ( m i c a 1  of the United S ta t e s )  
and by simulating the f o u r  stations and *he power leve ls  employed, 
However + since the  90-degree phase-coded d i g i t a l  messages a re  the  
m o s t  conservative with respect t o  overriding any interference and 
require the longest time t o  t r a n s m i t ,  we w i l l  examine t h i s  signal 
format  t o  determine i t s  effect  on t o t a l  system planning. 

It is 

C. R0LLCAI;L OP LOO BREIls FOR DIURNAL CORRECTION DATA 
Figure 17 i l l u s t r a t e s  several  points. F i r s t ,  the s e a s  

that receive spec i f ic  data and are assigned a given diurnal correc- 
t i on  time s l o t  are variable i n  s ize  w i t h  the areas being smaller 
near the  statioas and larger  i n  the mid-point between stations.  
The reason f o r  t h i s  i s  that the VLF wave, once propagated, var ies  
more i n  phase near the s t a t ion  than a t  great distances from the  
s ta t ion ,  since the wavelength i s  so long and the ionosphere 
e f fec ts  are greatest ,  Thus, by using small diurnal correction 
areas near the  s ta t ions ,  the corrections are more va l id  and the 
t o t a l  user e r ror  i s  reduced. It is  estimated that some areas 
would be as small as 100 miles square and others as large as 200 
miles square; averaged out about 100 areas could cover the United 
S t  at es  

By numbering the diurnal correction areas in a sequential 
manner wSth geographic location, as suggested in Figure 18, it 
i s  possible t o  simply sequentially transmit the e r ro r  signals 
designated f o r  a given location, Each b i t  i s  about 15 millisec- 
onds s o  that an 8-bit, 90-degree phase-coded message requires 
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DATA TRANSMISS ION FOR AUTOMATIC DIURNAL CORRECTION OF 
NATIONAL VLF NAVIGATION FACILITY 
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STATION 

A 

C 

D 

0.9 I .o I .  I 1.2 1 .  I 0.9 1.2 1.0 etc. 

5 seconds 5 seconds 

DIURNAL CORRECTION I NAVIGATION DATA 
TRANSM ISSION DATA 

- 1  I -  
U.S. OMEGA IS SYNCHRONOUS WITH WORLD-WIDE OMEGA 

F I ~  ( t tc l  NAVIGATION FREQUENCY NO. I 

Fld (ctc) DIURNAL TRANSMISSION FREQUENCY 
(SAME FI IS USED FOR NAVIGATION 
AND DIURNAL DATA) 

Figure 18. SIGNAL FORMAT FOR FOUR-STATION U.S. ONLY 
VLF NAVIGATION WITH AUTOMATIC DIURNAL 
COR RE CT IONS 



about 1 second f o r  completion, 
100 areas takes but about 100 seconds, or about 20 minutes, 
synchronization i s  quickly established i n  any a i r c ra f t .  Since 
a l l  Omega signals can be received on the ground even before the 
a i r c ra f t  engines are s ta r ted ,  the  synchroniza5ion problem i s  not 
serious. Another feature is that  the diurnal corrections f o r  
adjacent areas w i l l  d i f f e r  very l i t t l e  with respect t o  each other 
because t h i s  i s  charac te r i s t ic  of the propagation phenomena tha t  
establishes the diurnal correction. Thus, i f  a message is  l o s t  
o r  an adjacent area message is  erroneously received, t he  errors 
w i l l  be minimal, 
f o r  the loca l  area t o  which they a re  addressed as well as rnessages 
for each adjoining area. If des i rad ,  the inore sophisticated users 
who desire  the utmost i n  accuracy, r e l i a b i l i t y ,  e t c , ,  can inter-  
polate adjazent samples of t h i s  s ignal ,  

f e e t  of a given value, as determined by a national monitoring and 
coaputer f a c i l i t y ,  adjacent areas can vary by t h i s  amount if  there 
i s  a progressive diurnal change across the nation. The signals 
f roa  the f o u r  s ta t ions  each vary i n  transmission times as in  the 
world-wide Omega s ignal  (0.9, 1.1, 1.0, 1.2, etc,) .  Thus, the  
s t a t ion  iden t i ty  code using variable durations i s  a l s o  synchronized 

Since t h e  completed sequence t o  

Al so ,  it is possible t o  receive the messages 

Since the e r rors  are quantized i n  steps tha t  are 2250 

every 4 seconds, 
synchronous s ignal  a t  the start of each ro l l -ca l l  of the 100 areas. 
Since the  ro l l -ca l l  can be arranged f o r  correcting each s t a t ion  
there would be f o u r  ro l l -ca l l s ,  l a s t ing  a t o t a l  of about 8 minutes 
with adequate synchronization signal between each. With the four 
Omega navigation s ta t ions  and the central ,  digital-data VLl? station 
a l l  transmitt ing spchronous s ignals ,  no f e a r  o f  loss of synchron- 
iza t ion  i s  warranted. I n  f a c t ,  the  synchronization should be 
easing within 1 t o  2 milliseconds so t ha t  each b i t  of the phase- 
coded message ( l a s t ing  f o r  about 15 milliseconds) cannot be 
erroneously decoded. Furthermore, the 90-degree phase-coded steps 
themselves w i l l  cre a t  e m o t  her s ec ond-by-se c ond synchronization 
signal,  s o  tha t  two t o  .three continuous clock messages are received 

The central  ( f i f t h )  s t a t i o n  a l s o  t r a n s m i t s  a 
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from the system, 
of the world's area, being divided in to  100 areas, the average 
area receiving a diurnal message i s  only 0.0002 of the ea r th ' s  
surface. I n  other words,  such a scheme i s  not applicable t o  
world-wide systems because about 5,000 areas would have t o  
receive coded messages. 

only by ro l l -ca l l  on a geographical sequential basis, the synchros- 

i z a t i o a  must be assured a t  a l l  times, Figure 18 i l l u s t r a t e s  
t h i s  principle and denotes a r a s t e r  tspe ro l l - ca l l  sequence 
across the natioa,  with arsa 1 being near Sea t t le ,  the!i sequen- 
t i a l l y  areas across the northern p a r t  of the  nation are identi-  
f ied.  The2 cent ra l ly  the area abo& s l o t  50 (sw, i n  Kansas) 
would be enco-antered., and f i n a l l y  the las t  r a s t e r  would end i n  
the M i a m i  area, with s l o t  100. 
the area, and the  p i l o t  would simply turn  his  switch t o  t h i s  
number fo r  the automatic reception of t he  loca l ,  automatically 
decoded correction, 

With the TJnited States ,  which i s  only 2 percent 

Since the individual diurnal correction i s  addressecl 

Haps would contain the nmber of 

I f  the p i l o t  were t o  f l y  in to  an adjasent area without 
turning the switch, the diurnal e r ror  would be minimal, possibly 
adding another 500 fee t .  

Since the diurnal error  can be corrected t o  about 2250 
f e e t ,  and' the receiver e r rors  should be maintained within about 
500 f e e t ,  it i s  l i k e l y  t h a t  such a Tn;P navigation systen, updated 
f o r  diurnal corrections every 10 minutes, should create a t o t a l  
national error  averaging l e s s  than 1,250 f e e t ,  o r  about t3/. mile. 
The areas of granular i ty  of e r rors  are  mostly uniform (rectangles 
o r  parallelograms), so  t ha t  t h i s  i s  an approximate e r ror  of $ x 
$ m i l e ,  o r  1/16 o f  a square mile i n  a i r c r a f t  positioning vs the 
FAA AC 90-45 (reference 4) estimate of VORTAC e r rors  of 21 mile 
at  best ,  and 24 miles as the w o r s t  case. 
o f fe r  a granularity of VLF of about 20 t o  40 times be t t e r  than 
VOXTAC and, consequently, add enormous area capacity f o r  f l i g h t  
t racks,  a i rport  approaches, etc., not possible with VORTAC. 

shorn i n  reference 4 would 'be improved great ly  with the TLI? system 

This f a c t  alone should 

In other words, the  i n e f f i c i e a t  use of the  airspace as 
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using the simple diurnal correction system described in t h i s  
report ,  Pi lot ing errors  i n  the FAA estimates must a l s o  be added 
t o  VLF, but because of several p i lo t ing  advantages ( l i nea r i ty ,  
constant s ens i t i v i ty ,  non-convergence, e t c , )  the p i lo t ing  error  
averages zuch less .  

D. ALTERNATE DIURNAL TCRIWSMISSION O F  SIGNALS 
Since the world-wide Oznega operates on an eight-station, 

10-second cycle, it is  possible t o  operate but four s t a t ions  on a 
cycle of half the time, o r  but 5 seconds. This leaves a 5-second 
period open f o r  eazh Omega s t a t ion  t o  t r a n s m i t  a phase-coded diurnal 
message. Thus, by time-sharing methods, about half the time could 
be devoted t o  automatic diurnal signals,  Dual frequencies permit 
two separate diurnal phase-coded message paths - to each a i r c r a f t ,  
thus doubling the message capacity, assuming the same 90-degree 
phase-coding 8-bit message. This scheme has some a t t rac t ions  
since the message could be received with the ident ica l  receiver,  
phase c i r c u i t s ,  etc.,  and time-coded so as t o  add the corrected 
a o u n t  t o  the receiver output. Using the  same phase measurement 
c i r c u i t s  an3 receiver could reduce costs., The ro l l -ca l l  method 
would be similar, and the diurnal corrections might occur on two 
o r  three of the Omega transmitting frequencies, each addressed t o  
a d i f fe ren t  par t  of the  nation, t o  increase the capacity f o r  mes- 
sage f o r m a t s ,  Such a plan &ill allows a monitoring and cent ra l  
computer f o r  national updating of diurnal e r rors  continuously 
every 10 minutes. 

corrections should be received and inser ted i n  the navigational 
data. Examination of the  r a t e  of change of diurnal errors ,  t o  
determine the highest r a t e  of change, indicates  t ha t  with a 10- 
minute updating of  a l l  diurnal e r rors  t o  quantized amounts of 
about 2250 f ee t ,  the e r ror  accumulated since the  past  update wmld 
be l e s s  than 500 f e e t ;  thus, l i t t l e  a3ded error would occur. 
Furthermore, t h i s  r a t e  of change i s  predictable every dag f o r  
each hour of the day, and f o r  each area of the  United States ,  as 
the dai ly  recordings of these e r rors  repeat t o  amazing correlat ion 

This r a i s e s  the question of how frequently the diurnal 
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accxracies, Thus, i n  areas where a rapid diurnal change w a s  
moaentarily anticipated,  some lead i n  the  time of the diurnal 
correction data could occur t o  minimize any degradation of the  
sampling time influence. 

Figure 18 suggests one possible s ignal  format tha t  is  
a 3erivative of the  world-wide Omega s ignal  f o r m a t  s o  as t o  be 
f u l l y  coapatible and i n  synchronization. It w i l l  be noted that 
s ta t ions  A through D t r a n s m i t  navigation data f o r  the f i r s t  5 
seconds, arld then they t r a s m i t  diurnal correction data for the 
next 5 seconds, and then back t o  navigational data f o r  the next 
ssquence, Thus, i n  10 minutes a t o t a l  of 300 seconds can be 
devoted t o  diurnal messages, and each rnessage requires about 1 
second. The planning of 300 rtessages on two frequencies can 
create 600 messages t o  optimize (1) the time between messages, 
(2) the =ea each i s  assigned, and (3) the complexity of the 
reception means. 
off  study and analysis based on the val idat ion of experimental 
equipments. T h i s  scheme and t h e  f i f t h  central  VU? s t a t ion  scheme 
each have pros and cons, best  resolved by tes t ing.  

The plan can be asconplished only by a trade- 

E. AUTOMATIC DIURNAI; VLF LOCAL THF TRBNSMISSIONS ON VOR OR UNICOM 

a i rc raf t  w i l l  r e t a i n  a VOR and/or VHF comunication receiving 
capabi l i ty  a t  a l l  times i n  the future ,  Since the VLF diurnal 
correction signal can be readi ly  received a t  a TOR s ta t ion ,  for 
exxaple, it can provide the  data t o  a l l  a i r c r a f t ,  established 
e i ther  by d i r ec t  VLF navigatioa monitoring o r  f rom a cent ra l ly  
computed diurnal correction signal, The loca l  VOR s t a t ion  would 
transmit the VLF diurnal correction every few minutes, An auto- 
mated voice message i s  employed j u s t  as the "canned" voice message 
i s  now used t o  provide the  s ta t ion  ident i ty ,  Since the s t a t ion  
iden t i ty  i s  s o  overly redundant, it i s  possible t o  i n se r t  the 
automation voice correction signal every few minutes without f e a r  
of my degradation o f  t he  basic VOR signals. 

Furthermore, the coverage would be self-controlling 
since a given TOR signal cavlot be received beyond line-of-sight, 

One in te res t ing  thought i s  that  a l l  general aviat ion 
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and the loca l  VLF er ror  s i g n a  w o u l d  correlate  f u l l y  with the  
locabion and actual coverage area i n  which the VOR signal i s  
receivable. Thus, one would not worry about addressing the  VHF 
emitted diurnal  correction because the area of VHF coverage i s  
commensurate with the correction (navigation data) arsa. Even 
p o s s i b i l i t i e s  of semi-automation occur, sinc.,e t he  VOR can eas i ly  
transmit a phase-coded message using i t s  own 9.9'; !&z reference 
signal-that is ,  the subcarrier for the 30 Xz VOR reference, Pos- 
s ib ly  a 10-2 kHz s i g n a l  could a l s o  be sent  d i r ec t ly  on the VOR 
s t a t ion  ca r r i e r  i n  a periodic manner without affecting a V O R ' s  
normal function. Consequently, a loca l  user  could receive h i s  
VLF correction d i r ec t ly  i n  phase angle (of Omega data) but from 
the VOR reference signal,  

Furthermore, since the VOR i s  a r ad ia l  track, local ly  
used system, it can be used w i t h  national V D  l i n e s  o f  posi t ion 
s o  tha t  a crossing l a t t i c e  of oblique-parallel lanes and VOR radials 
occur, This provides data t h a t  i s  equivalent t o  a DME function 
for the owner o f  a VOR receiver, He can avoid DMF: and a cost ly  
course l i n e  coaputer as " r a w "  data i s  used. Similarly, the syn- 
chrontzation of the aiurnal  and air-to-ground data messages on 
the VHF channels suggests a closer re la t ionship between the  VLE' 
and VHF methods and airborne equipments, Thus, two receivers can 
convey a l l  the information needed i n  the a i r c r a f t ,  and one VHF 
transmitter w i l l  convey a l l  the information needed on the ground 
concerning the a i r c r a f t .  

Omega is  showing considerable promise and might suggest t h a t  an 
ailtomatic diurnal correction scheme can be avoided. On the other 
ha&, short  baselines of the  U.S. VIJF system and land in s t a l l a t ions  
on U.S. s o i l  force use o f  VIJ? navigation data much nearer the  
stations than i n  a 4,030 t o  5,000 mile (baseline) i n s t a l l a t i o n  
where "new-station" usage is eas i ly  avoided, Furthermore, con- 
posi te  3mega i s  not incompatible i n  any way with automatic diurnal ,  
and both w i l l  improve VLF performance and in t eg r i ty  on the side 
of the very, very low cost user of a single frequency; thus, dif-  

f e r e n t i a l  or automatic diurnal data becomes essent ia l .  

It sho?lld be noted tha t  dual frequency "conposite" 

83/84 



VI. AMl3IGUITY RESOLUTION USING MOZTIPLE VLF COORDINATES 

A s  noted previously, the two-speed VLF guidance signal 
(dual frequencies such as 10.2 and 13.6 kHz) i s  not ambiguous i n  
an operational sense, since continuous tracking prevents ambiguity. 
With single-frequency anbigait ies about 8 miles apart and about 
30 miles apart f o r  dual-frequency, two-speed system receivers,  
the ambiguities of a given p a i r  of the four-station, U.S.-only 
Omega (VLF) system can be resolved. Continuous tracking of a 
single-speed system prevents ambiguities (8 miles i s  about 3 minutes 
f lying time i n  s m a l l  a i r c r a f t )  simply because the p i l o t  i s  "coupled" 
t o  the data and would immediately recognize any major change, such 
as 8 miles of posi t ion o r  a 3-ninute data gap. Wen so,  the "U.S.- 
only" configuration offers  other simple means of resolving any 
single-frequency ambiguities. 

all four s ta t ions  can be received anywhere i n  the United S ta tes  
because o f  t h e i r  e l e c t r i c a l  design, the "geometries'' of the  ( t o t a l  
system) ins- ta l la t ion,  improved signal levels ,  and the rapid posi- 
t i on  and t rack updating. Thus, even a single-frequency one-speed 

Even with the single-speed system one must r e c a l l  that 

system can be coxposed of a se r i e s  of six hyperbolic l i n e s  of 
position. Each hyperbolic f an i ly  of LOP'S fu l ly  overlaps a l l  
other families of LOP'S. Since any s ingle  LOP is  essent ia l ly  
s t ra ight  f o r  about 50 miles, it i s  possible t o  simply examine 
nore than two p a i r s  of (single-speed) LOP'S, and use the 3rd 01' 
4th LOP as a means of ambiguity resolution. 

10.2-kHz signal  between the Sea t t le  and Maine s ta t ions  (30.0", 
f o r  example) w i l l  not be located a t  t he  saxe posi t ion as an equiva- 
l en t  phase condition between the  San Diego and Maine s ta t ions ,  
This i s  the case because the  baselines a re  d i f fe ren t  i n  both 
length and direct ion,  and the exact phase control of spec i f ic  
pa i r s  o f  equaphase l i n e s  r e l a t ive  t o  spec i f ic  surface points can 
be controlled. Figure 19 i l l u s t r a t e s  a tlsample" area i n  the  
eastern United S ta tes ,  and the f o u r  sketches of four typ ica l  
pa i r s  o f  LOP'S c lear ly  show the wide select ion available of 

For example, a spec i f ic  phase angle difference of a 
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3- 4 STATION 4 

Not t o  scale 

LOP'S 1-3 

LOP'S 1-4 

LOP'S 1-2 

LOP'S 1-4 

LOP'S 1-3 

Figure 19. EXAMPLE OF LOP'S IN A SPECIFIC SAMPLE AREA 
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various geometrics from even a one-speed system, The hyperbolas 
with long baselines (500 t o  3,000 miles), on a curved surface 
such as the e a r t h ' s  sphere, tend t o  curve l e s s  on such a surface 
than on a f l a t  plane. Hyperbolas generated with short baselines 
between s ta t ions ,  mch as 100 t o  230 miles, curve extensively, 
It i s  obvious t h a t  the six combinations would not a l l  be optimum 
i n  creating LOP'S, however, since two LOP'S are  adequate foy guid- 
ance and posit ion determination; adequate redundant signals ex i s t ,  
and sone are useful f o r  mbiguity resolution. 

Two s ign i f icant  aspects of the  geonetry of  the multiple 
LOP'S can provide an ambiguity resolution function. By using the 
baseline a t  some distance, there  i s  sone spreading of the spacing 
between the adjacent L W ' s  compared with a s i m i l a r  baseline p a i r  
a t  a shorter  distance. Consequsntly, i n  the small sanple area 
noted above ( s a y ,  103 miles i n  diaxeter) i n  the eastern United 
States ,  LOP'S from the  West C o a s t  baseline (s ta t ions 2 and 3) 
w i l l  be spaced more than i s  the case i n  the same area created by 
the s ta t ions  1 and 4 pair .  These two se%s of L3P's can be aligne3 
phase-wise t o  give a coarse-fine; such an example i s  i l l u s t r a t e d  
i n  Figure 20 which shows coincidence every 3rd LOP ( fo r  p a i r  2 and 
3) and every 4Q LOP ( for  p a i r  1 and 4). 
the exact % r a t i o  ex is t .  
and be most useful s h p l y  by showing on the sectional aeronautical 
charts such VLF coordinate data, much as the  VOR data i s  shown. 
Thus, any r a t i o  t h a t  creates a reasonable change every 30 t o  40 
miles w i l l  silffice, 

It is not necessary tha t  
I n  f a c t ,  any s i m i l a r  r a t i o  can ex i s t  

On a national airspace basis, t h i s  technique may prove 
quite useful,  thus avoiding i n  the very l o w  cost  i n s t a l l a t ions  
the need f o r  a two-frequency VIJ? receiver and two-speed usage. 
The a i r l i n e s  m a y  prof i tably choose the two o r  three frequency 
method since it has advantages such as redundancy and differen- 
t i a l  (heterodynes) corrections a r a  smaller, However, f o r  the 
l i gh t  a i r c r a f t  on shorter missions ( s a y ,  up t o  200 knots of speed 
o r  t r i p s  up t o  590 miles), t h e  single-speed use of the somewhat 
d i f fe ren t  spacings of the t w o  LOP'S w i l l  aid. It i s  evident t ha t  
the course shown in  the i l l u s t r a t i o n  suggests t ha t  a t h i r d  LOP i s  
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--z . 
TRACK THROUGH SAMPLE AREA 

In the Sample a rea  Lop's 1-4 are more closely spaced than Lop's 2-3  
because of the differing distance from the baselines (about 400 and 2,000 miles) 

Note the coincidence of A1 and B A4 and B 5, and A7 and B9 giving a 
1, 

coarse-fine" with a single V L F  frequency. 1 1  

Figure 20. EXAMPLE OF A SINGLE FREQUENCY RECEIVER 
PROVIDING A COARSE-FINE AMBIGUITY RESOLUTION 
BY SELECTION OF APPROPRIATE LOP'S 
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i n  use t o  create the indicated course, 
pared a re  used t o  i l l u s t r a t e  the ambiguity resolving powers of 
the geometric *'s3ready' o f  the long-based VLF l i n e s  of posit ion,  

nique is  shown i n  Figure 21, where, because o f  the diamond-shaped 
nature of the LOP'S, the crossings of l i n e s  B (even when spaced 
on a normal-line through them, the same as the A l i nes )  create  on 
the t rack  i l l u s t r a t e d  a greater distance per lane than LOP'S of A. 
This slmple parallelogram ef fec t  of LOP'S t h a t  do not cross a t  
90 degrees, but a t  sone l e s se r  angle such as. 70 degrees, provides 
t h i s  coarse-fine relationship.  Note tha t  every 4-ul LOP-A coincides 
w i t h  every 3rd LOP-B. Again, an exact relationship such as 3'4 i s  
not essent ia l  but aids i n  i l l u s t r a t i n g  the principle. Since the 
geometry changes l i t t l e  f o r  large areas, l oca l  sectional char ts  
could average a given fixed geometry. Again, it is  assume3 tha t  
a 3rd LOP i s  used t o  follow the desired t rack  i l l u s t r a t e d ,  s o  tha t  
the crossings of the A and B l i n e s  create i n  e f fec t  a "DMEyl-type 
display t h a t  has fine-grain and ambiguity resolut ion by comparing 
the two other LOP'S. Low-cost ambiguity resolution occurs once 
again since a l l  data from the f o u r  s t a t ions  i s  on a single frequensy. 

Testing and val idat ion i s  required t o  determine (1) 
whether it i s  simpler o r  lower i n  cost t o  design a general aviatioa 
receiver f o r  VLI? navigation tha t  uses the s ingle  frequency and 
the t w o  "geometric" coarse-fine ambiguity resolution methods, o r  
(2) whether it i s  indeed lower i n  cost t o  receive both frequencies 
of a dual-frequency system, The use of the automatic, diurnal 
correction signal w i l l  be useful i n  both cases and can readi ly  
be implernented with any method of ambiguity resolution. 

The two LOP'S being com- 

Another single-frequency geometric "coarse-fine" tech- 
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Because of the crossing angles, LOP'S A and LOP'S B have different spacing 
relative to the track through the sample area. 
provided by a single frequency receiver. 
A4 and B 
the 3 to 4 ratio---that is, every third B coincides with every fourth A. 

A coarse-fine relationship is 

1, Note the coincidence of B1 and A 

B5 and A7, and B7 and A10 (shown by circles). This exhibits 3, 

Figure 21. EXAMPLE OF S I N G L E  FREQUENCY RECEIVER 
PROVIDING A COARSE-FiN€ AMBIGUITY 
RESOLUTION 
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V I I ,  IN-FLIGHT CORRECTION AND CALIBRATION 
OF ERRORS I N  BAROMETRIC ALTITUDE DATA 

The v e r t i c a l  dimension of o u r  airspace is  probably 
aviat ion 's  m o s t  valuable asset  a t  present and f o r  future  ATC 
systems. Because an a i r c r a f t ' s  a l t i t ude  is  measured ind i rec t ly  
by f i r s t  measuring the  atmospheric pressure and then r e l a t ing  
it t o  height above an assumed datum point (such as sea l eve l ) ,  
many er rors  can accrue and many have been ident i f ied  ( f o r  exax- 
ple ,  see Internat ional  Civi l  Aviation Organization Doc. 7835 
AN/863). 
sensing u n i t s  t ha t  reduce many of the instrumentatio;i errors ,  
s x h  as backlash, f r i c t i o n ,  e t c , ,  u t i l i z i n g  servo-aided drive 
and e l e c t r i c a l  sensing of the s m a l l  movement o f  an aneroid sens- 
ing unit. Since such a i r l i n e  units cost seveial  thousand d o l l a r s ,  
they have no t  been in s t a l l ed  by many general aviation a i r c r a f t  
owners. These cost-conscious owners a re  characterized as persons 
who own and operate single-eagine a i r c r a f t  costing between 10 and 
23 thousand d o l l a r s .  

and other ATC/Navigat ional aids, commensarate increased " m i x i n g "  
of the simple and sophisticated a l t i t ude  sensing systems occur 
i n  the same airspace as i l l u s t r a t e d  i n  Figure 22, Thus, the vert- 
i c a l  separation between similar o r  diverse type a i r c r a f t  is estab- 
l ished by each p i l o t  f ly ing  i n  accordance with h i s  own on-board 
a l t i t ude  indication. Obviously, the actual v e r t i c a l  separation 
i s  the difference between a l t i t u d e  indications i n  two a i r c r a f t  
tha t  have been assigned adjacent a l t i t ude  layers. Consequently, 
the e r rors  i n  b o t h  barometric sensors nust be considered. The 
actual separation is  the difference between two independent non- 
correlated sensors, and those difference values are controlled 
more by the uni t  with the  la rges t  e r rors  (than the  uni t  with the 
s m a l l  e r rors ) ,  When, say, an a i r l i n e r  and a s m a l l  general avia- 
t ion  a i r c r a f t  are separated ve r t i ca l ly  by assigned a l t i tudes ,  the 
safety i s  dependezt on the unit  with the la rges t  errors ,  

Air l iners  can a f f o r d  t o  use sophisticated barometric 

However, with increased use of SSR transponders, VOR 



VERT1 CAL SEPARATION BY 
BAR0 METRIC PRESSURE 
SENSING 

H I  (OR H2) CAN HAVE THE 
FO LLO W I N G ERRORS : 

FRlCT ION 

BACKLASH 

HYSTERESIS 

NON LI N EAR IT Y 

SENSITIVITY 

T 

I 
H2 (OR H I  CAN HAVE THE 
FOLLOWING ERRORS: 

STATIC PRESSURE SYSTEM 

PILOT SETTING 

GROUND READ1 NG 

READABILITY 

T 
Some of the 17 possible errors noted 
in ICAO report on vertical separation 

Figure 22. 
VERTICAL SEPARATION ERRORS 
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Soae of the many errors  a re  noted i n  Figure 22, It 
i s  impossible i n  t o d a y ' s  ATC eiivironmeat t o  routinely determine 
the in-fl ight e r ror  of any barometric alt imeter,  
bration OCCUTS a t  the time of i n s t a l l a t ion  o r  repair ,  and errors 
are established by varying pressure i n  a b e l l  jar  under laboratory 
tgpe conditions, an un rea l i s t i c  staydard can ex is t  quite removed 
from the r e a l  w o r l d  environment i n  which the two p i l o t s  of adja- 
cent, ve r t i ca l ly  separated a i r c r a f t  must actual ly  depend fo r  safe 
v e r t i c a l  separation. An in-fl ight capabi l i ty  of cal ibrat ing by 
automatic o r  semi-a:3tomatic means the p i l o t ' s  barometric alt imeter 
o r  seasor should a id  enormously i n  assuring t h a t  safe v e r t i c a l  
separation actually exis ts .  Quick ident i ty  of u n i t s  t h a t  are  
outside of tolerance i s  possible, An ATC source of cer ta in  valu- 
able input data f o r  the forthcoming computerized ATC system u t i l i z -  
ing a l t i t ude  coded SSR data is  a l s o  available. 

Since the ca l i -  

A. SURFACE RADAR W I ! l E  VERTICAL BEAM FOR BAROMEi!RIC CALIBRATION 
Most of the baromekic height measurement e r rors  can be 

avoided by using a precision, surface radar signal that measures 
the v e r t i c a l  range of the  a i r c ra f t .  I f  radar is used from the 
a i r c r a f t ,  accurate a l t i t ude  checks can only be made over precisely 
known, elevated and f l a t  surfaces, such as open, calm sea water. 
Over land, the a i r c r a f t  radar alt imeter measures only the  clearance 
above the t e r r a in  below and, of course, t h i s  i s  a complex, rapidly 
changing variable not known t o  suf f ic ien t  accuracy t o  warrant this. 
approach, 

By planning a new automatic alt imeter cal ibrat ion f ac i l -  
i t y  using radar on t h e  ground, several  advantages accrue, as for 
example, (1) the precise establishment of the  a i r c r a f t  I s v e r t i c a l  
height, (2)  precise coaparisons of the actual height of the air- 
c ra f t  t o  other v e r t i c a l  reference datum points,  such as a i rpor t  
elevation, sea leve l  elevation, o r  obstruction clearance. The 
necessity f o r  a l l  a i r c r a f t  t o  carry a cost ly ,  sophisticated radar 
i s  thus avoided, 

Several means ex i s t  f o r  reporting the a i r c r a f t  s baromet- 
rically-sensed a l t i t ude  t o  t he  surface; the most  advanced and 
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common one i s  the Secondary Surveillance Radar (SSR) airborne 
transponder t h a t  automatically t r a n s m i t s  a coded message t h a t  
corresponds t o  the  a i r c r a f t ' s  barometric height, 
codes permit data transmission from a i r  t o  ground i n  100-foot 
increments, Other means f o r  converting the mechanical motion of  
the barometric pressure sensor t o  a re lated e l e c t r i c a l  code o r  
change i n  modulation signal have been tes ted  o r  proposed many 
times, A convenient and very-low-cost encoding scheme f o r  general 
aviation i s  suggested i n  the form of using the multi-tone data 
signaling developed by the Bell Systea, Data transaission i s  
possible with u n i t s  costing about $20 t h a t  are pa r t  of t he  touch- 
tone hand-set, where a single message l a s t ing  but 40 milliseconds 
can convey one of 100 quant i t ies  on a VHF communications channel. 

For general aviation, the automatic reporting of height 
i n  100 o r  200 f o o t  steps from sea l eve l  t o  10,000 t o  20,000 f e e t  
might be accomplished a t  very l o w  cost i f  a means were found t o  

Over 4,000 

reduce the  cost and serious e r rors  of  low-cost simple barometric 
sensors, Currently the lowest-cost SSR a l t i t ude  transducer u n i t  
s e l l s  i n  the region o f  $3,000 t o  $4,000, while a pr ice  neaxer 
$200 would be more acceptable t o  the general aviation user we are  
most concerned about. 

Thus, by a Vr-IF o r  similar re lay  of the barometric height 
data t o  the  ground radar, a d i r ec t  comparison i s  made, and a C a l i -  

brat ion signal i s  then made available t o  the p i l o t ,  One d i f f i c u l t y  
appears i n  such schemes i f  the a i r c r a f t  i s  not d i r ec t ly  over the 
height measuring radar. The lower half of Figure 23 indicates  
t ha t  "radar-slant-range" height e r rors  can occur and n u l l i f y  the 
value of the  measurement if the a i r c r a f t  i s  not d i r ec t ly  over the 
height measuremert f a c i l i t y .  

Be CROSSED-BEAM RADAR CONCEE)Z\ 
It w a s  noted i n  Figure 23 t h a t  the cosine of the angle 

It a It between the l i n e  connecting the a i r c r a f t  t o  the radar and the 
zenith l i n e  must be established, To measure the angle "a," various 
schemes of  sca-ming radar beams have been considered and usually 
become complex and cost ly ,  minimizing any serious consideration 
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of  wide-spread application of the alt imeter cal ibrat ion f a c i l i t y .  
Suff ic ient ly  wide-scale in s t a l l a t ions  of low-cost radars must be 
used t o  be of value t o  a l l  users: a i r l i nes ,  mili tary,  and general 
aviation, 

A simple static-beam radar concept consisting of  two 
crossed fan beams i s  suggested as a low-cost ye t  effect ive solu- 
t i o n  t o  t h i s  problem. A simple s t a t i c  antenna radar mounted a t  
exis t ing s i t e s  of navigation f a c i l i t i e s ,  such as markers, VOR, 
communications, etc., should be low enough i n  construction and 
implementation costs  as t o  warrant i t s  coasideration f o r  a national 
f a c i l i t y ,  much l i k e  the marker beacon and VOR f a c i l i t i e s .  I n  f a c t ,  
the alt imeter ca l ibra t ing  u n i t s  would be located a t  these f a c i l i -  
t i e s  f o r  conventence because they demark a i rpor t s  and airways. 

I n  nearly a l l  VOR o r  Area Navigation concepts, it is 
essent ia l  that t h e  direction o f  the airway be established, and it 
can be assumed that viewed froa the  ground the a i r c r a f t  flyin, on 
the a i r w a y  w i l l  be t ravel ing approximately i n  a known, specif ic  
direct ion as they pass overhead. The two crossed planar bems 
are oriented s o  as t o  cause the a i r c r a f t  f ly ing  the airway t o  pass 
through then i n  a given geolnetric relationship.  

Figure 24 i s  a plan view showing the  time differences of 
three conditions of t rack error .  The spacing of the radar signals 
of beams A and B i s  d i r ec t ly  re la ted  t o  the a i r c r a f t ' s  cross-track 
e r ror ,  Since variables of a i r c r a f t  speed, cross-track e r ror  and 
height occur, it i s  e s sen t i a l  t o  f ind  a means o f  compensating 
automatically f o r  these variables while s t i l l  measuring angle "a. " 
T h i s  i s  achieved as i l l u s t r a t e d  since the  radar PBF i s  constant, 
and the time within each beam an& between beams can be re la ted  
t o  the  number of pulses received on the ground from each beam. 
The time r r Y r l  between the  interception o f  each ve r t i ca l  beam i s  
the key t o  the  solution. The number of pulses i n  the known beam- 
wid th  establishes the speed of  the a i r c r a f t  along w i t h  the s l a n t  
radar range. It i s  possible then t o  es tab l i sh  angle "a" and cor- 
r e c t  the s lan t  r a g e  data t o  ve r t i ca l  height data, It i s  apparent 
that  rtYtt  increases d i r ec t ly  w i t h  t rack error, and that no ambigu- 
i t i e s  exist .  I n  f a c t  ATC data ex i s t s  on the (1) presence, 
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(2) direction, (3) velocity,  (4) height, (5) ident i ty ,  (6) t rack 
e r ror ,  etc. ,  of each a i r c r a f t  as it intercepts  the beams i n  
passing over o r  near the f a c i l i t y .  

very narrow i n  one dimension and quite wide i n  the other, Each 
antenna can be fed i n  p a r a l l e l  f r o m  the same radar, o r  the radar 
can be rapidly switched a l te rna te ly  t o  each antenna w i t h  a 
s l i g h t l y  d i f fe ren t  PRF, thus identifying Tn the  re turn s ignal  
i n  the  ground receiver the beax illuminating the target .  

The t w o  radar beams are f l a t  planar beams that  are 

C- COSINE CORRECTION 03' OFF-ZEKtTH TRACKS 
The crossed-beam radar al t imeter  cal ibrat ion f a c i l i t y  

i s  fur ther  i l l u s t r a t e d  in Figure 25. An example i s  shown of two 
t racks w i t h  cross-track e r rors  w i t h  respect t o  the airway center- 
l i n e  but a t  d i f fe ren t  a l t i tudes.  For explanation purposes it i s  
assumed tha t  they both  l i e  on an intersect ing plane RAB, 
that  t he  r a t i o  of the  bemwidth and the  time duration between the 
two beams remains constant f o r  b o t h  high and low tracks,  The 
beamwidth i s  angular as i s  the intersect ing area RAB. O f  course, 
the radar  w i l l  measure the s lan t  range of each of the two  a i r c r a f t ,  
but the correction of the viewing angle froln the f a c i l i t y  w i l l  be 
the r a t i o  t ha t  i s  unique t o  t ha t  spec i f ic  v e r t i c a l  viewing angle 
and consequently the cosine rrarr correction i s  available. 

i s  independent o f  the  ac tua l  radar a l t i t ude  measurement i t s e l f  
even though such a measurement is  used. By averaging the  returned 
radar pulses i n  beams A and B (several hundred), an improved quan- 
t i t y  i s  arrived a t  that i s  t r u l y  representative of the beamwid th .  
Since the two beam are  ident ica l  and they a re  suf f ic ien t ly  close, 
a s t ra ight  f l i g h t  t rack intercepting both is  a reasoaable ass-amp- 
t ion ,  

Thus, the r a t i o  of Y/A o r  Y/B can be determined regard- 
l e s s  of  speed and height of the a i r c r a f t  and can es tab l i sh  the 
plane RAB, which i n  turn  creates the angle A w i t h  the  zenith of 
the crossed radar beams. O f  course, a l l  of  t h i s  information i s  
read automatically by straightforward radar c i r cu i t ry  avoiding 

Note 

Thus, it would appear that  t he  measurement of angle "atr 
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any human interpretat ion,  Another example showing the var ia t ion  
i n  t rack error  and how each track e r ro r  establishes a new plane 
RAB i s  shown next and must be compared t o  t h i s  i l l u s t r a t i o n  t o  
envision the three-dimensional aspects of t h i s  ra ther  simple con- 
cept, Even i f  two a i r c r a f t  are i n  the  beaa simultaneously ( a  
qui te  ra re  occurrence), range-gating can readi ly  separate the  two 
height measurements and provide individually ident i f ied  calibra- 
t i o n  data t o  each a i r c r a f t ,  However, since the  v e r t i c a l  planar 
bean i s  s o  narrow, the probabili ty of two a i r c r a f t  i s  extrenely 
remote. 

but  w i t h  d i f fe ren t  track e r ro r s ;  of  course (because of ATC), 
these a i r c r a f t  pass through the bems  at  separate times. Track 
1 establishes plane RAB, and t rack 2 establishes plane R ' B ' B ' ,  
The angle between each o f  these planes and the zenith of the  
crossed ve r t i ca l  beams establ ishes  the  respective angles a and a ' .  
It w i l l  be noted that  angle VI1' i s  formed by plane RAB and i s  
equivalent t o  the simple e l e c t r i c a l  radar measurement Y. Similar- 
ly ,  the angle 0 i s  established by an equivalent radar measurement 
o f  Y', A s  noted previoasly, the t rack  e r rors  E1 and E2 are disect- 
ly re la ted  t o  Y. 

Figure 26 i l l u s t r a t e s  two a i r c r a f t  a t  the same height, 

Thus we have the relationship: 
actual radar height = radar slant-range height (cos a) 

o r  
Ha = Hr cos a 

H = Hr COS Y 
%- = a 

K i s  a constant established by 

K 

the  bemwidth of the f l a t  
planar beax measured along a l i n e  p a r a l l e l  t o  the  a i r w a y  and inter-  
secting the  narrow dimension of  the beams, The data processing 
takes place i n  simple pulse counting c i r c u i t s  that count the 
number of pulses received i n  each beam. and the time in t e rva l  
between the averaged center of each beam's pulse returns.  T h i s  
i s  par t  of  a study now being conducted f o r  NASA's Electronic 
Research Center, 
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Figure 27 i l l u s t r a t e s  the  relat ionship between the  value 
of the cosine trarr and the angle from zenith t h a t  the  a i r c r a f t  
t a rge t  appears, The angle i s  shown i n  beamwidths of the narrow 
fan beam and a +degree beam is  assumed fo r  the i l l u s t r a t i o n ,  It 
w i l l  be noted t h a t  the  value of Y increases with the distance of  
centerline while the  value of the cosine function var ies  a t  a very 
s l o w  r a t e  i n i t i a l l y .  Thus, f o r  the  most normal angles near the 
zenith,  the correction i s  minimal (1% percent) f o r  10 degrees, 
However, a t  angles o f  33 degrees and greater,  the values chaxge 
more rapidly. For example, a t  40 degrees off zenith, the dimen- 
sion Y i s  about 13.3 beamwidths, and the cosine correction i s  
0.766. Since the  beamwidth i s  measurable t o  about 1 percent elec- 
t r i c a l l y ,  then the  a x l e  i s  measurable t o  the same accuracy, This 
would  suggest t h a t  the correction fac tor  w i l l  be accurate t o  about 
1 percent of  t he  0.766 o r  about 0,0076 of the height. A t  a height 
of  3,000 f e e t  t h i s  i s  an e r ror  of about 30 f e e t ,  well within t h e  
measurenent needs a t  t h i s  a i t i tude ,  since 100-foot granularity i s  
the f ines% data used i n  the ATC system and perhaps 250 f e e t  is 
the more r e a l i s t i c  barometric sensing accuracy on an average of 
a l l  a i r c r a f t  using the airways. 

D m  EFFECT OP SPEED ON ACCURACY OF RADAR HEIGHT PE&SURXKENT 
A s  an a i r c r a f t  o f f  the exact center of the  airway o r  a t  

an angle r e l a t i v e  t o  the zenith of  the  crossed beam intercepts  
the two beams, there w i l l  be two outputs, one f o r  each beam, It 
is  conveaient t o  express the  beamwidth i n  t e r a s  of the number of 
pulses received between a specified be= level ,  
point f o r  t h i s  measure i s  the 3-db o r  6-db point, Thus, the air- 
c r a f t ,  upon entering the  coverage of the s t a t i c  bean, re turns  sig- 
nals with increasing s ignal  in tens i ty  t h a t  represent the direct-  
i v i t y  of the v e r t i c a l  beam. This is  often exgressed as 
where the angle x creates a s ignal  output proportional t o  the sine 
of the angle. Upon passing through the maximum value (beam peak), 
the signal decreases again passing through the  i n i t i a l  threshold 
counting point i n  the form of  a decaying s ignal  level ,  

A convenient 

s i n  x 

Although the pulse-to-pulse re turn within the beam w i l l  
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vary somewhat i n  signal leve l ,  the  typ ica l ly  f l a t  nature of t he  
bot tom of a i rcraf t ,  lack of any ground c l u t t e r  o r  moving ta rge ts  
that  might confuse the radar receiver,  and the large number of 
pulses creating the a-nplitude envelope of the re turn  pulses should 
combine t o  permit a ra ther  accurate measurement. 
the count of pulses can be well controlled, making t h e  threshold 
point on the r i s e  curve and the decay curve (representing the 
signal amplitude) consistent f o r  each beam. 
can be stored i n  a pulse counter that is  s t a r t ed  when the i n i t i a l  
threshold leve l  i s  reached (say,  the  3-db o r  6-db points), 
counter continues t o  count the pulses and s tores  the count unt i l  
it i s  terminated by the pulse-to-pulse signal leve l  decaying below 
the threshold value. The number of pulses counted and s tored is  
then commensurate w i t h  the  occupancy time of t h e  a i r c r a f t  i n  the 
bean. A fast  a i r c r a f t  w i l l  f l y  between the beam r i s e  and decay 
threshold points in l e s s  time than a s low a i r c r a f t  on the same 
path, A smaller pulse count occurs w i t h  a fast a i r c r a f t  than w i t h  
a s low a i r c r a f t  , 

Consequently, 

Typically, the s ignal  

The 

A s  noted previously, the two beans are ident ica l  i n  
t h e i r  shapes and s e n s i t i v i t i e s  s o  that  the beamwidth values can 
be averaged between the  two beams aiding i n  the  accurate estab- 
lishment of the beaxwidth value. An example w i l l  i l l u s t r a t e  t h i s  
point. Assume an a i r c r a f t  passing over the outer marker wanting 
t o  check the al t imeter  w i t h  the v e r t i c a l  ground radar before ILS 
descent. Typically, the a i r c r a f t  a l t i t ude  i s  about 1,000 fee t .  
Assume tha t  the b e m  is about 3 degrees between the r i s e  and decay 
threshold points,  and tha t  t he  a i r c r a f t  i s  on f i n a l  approach f ly ing  
a t  about 233 t o  250 f e e t  per  second, The a i r c r a f t  w i l l  be illumi- 
nated by the beam and the pulses counted between the  threshold 
points f o r  the time it takes t o  t raverse  the horizontal distance 
between the points. T h i s  distance i s  about 50 f e e t  for the  example 
( tan  3" x 1,000 fee t ) .  
knots), th i s  in fe r s  that the a i r c r a f t  i s  within the  above limits 
f o r  a time of $ second o r  0,250 second. 

The typical  pulse r epe t i t i on  r a t e  f o r  such a radar i s  
1,000 pulses per  second. 

A t  a velocity of 200 f e e t  per second (120 

T h i s  then indicates  that  the radar 
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receiver w i l l  have a t  i t s  output 250 pulses t o  average (or 
otherwise process) between the  two threshold points, 
mine be= center, it i s  possible by counting t o  half the t o t a l  
value o r  the exact center of the  beam i s  -the l25Q pulse. Simi- 
larly, the  passage through the next beam creates the same situa- 
t ion ,  and the center o f  t h a t  beam i s  a l so  subsequently found, 
With t h i s  pulse granularity it is  obvious tha t  there 5s no lack 
of an adequate number of pulses f o r  averaging. I f ,  on the other 
hand, 031y 3 pulses came back, it i s  hard t o  " s p l i t  a beam" with 
any accuracy using such a s m a l l  number, and par t icu lar ly  with 
the pulse-to-pJlse signal var ia t ions typical  of radar return,  

To deter- 

HoweveT, with the large number of pulses t h a t  are  rep- 
resentat ive o f  t he  beamwidth, theore t ica l ly  the be= can be divided 
in to  a t  l e a s t  100 p a r t s  and create an angular datum l i n e ,  f o r  our  
exa-nple accurate e l e c t r i c a l l y  t o  about 0.03 degree, Also, the 
angle szbtended between the two beam centers should be measurable 
t o  about the same mount o f  accuracy, 

speed differences of two t o  one tra-iersed t h e  two bears on the 
same path,  the count of the  beam would vary proportionately (two 
t o  one) with the speeds, 
t i o n  t h a t  may be of value i n  f i n a l  approach t r a f f i c  control,  How- 

evero the  purpose here i s  t o  note t h a t  the measurement of  height 
and the angle off-zenith i s  Dot  degraded by speed variations, 
F i r s t ,  Y i l l u s t r a t e s  the point that the pulse c o - i t  w i l l  show 
half the number of pulses i n  each beam created by the passage of 
the high-speed a i r c r a f t  r e l a t ive  t o  those created by the  passage 
of the slow-speed a i r c r a f t ,  I?urthermore, the time Y between the  
peaks of the two beam (bem centers e l e c t r i c a l l y  speaking) a l s o  
has a 2 t o  1 r a t i o ,  Thus, in the processing o f  the data, the 
r a t i o  between t h e  beamwidth angle and t h e  beam center separation 
angle remains the same regardless of the  speed, 

the saxe speed but one a i r c r a f t  a t  twice the  height (radar range) 
of the other a i r c r a f t  (and on a plane through the radar containing 
the other a i r c r a f t  and the two t racks) ,  This w a s  i l l u s t r a t e d  

Figure 28 i l l u s t r a t e s  the point t h a t  if a i r c r a f t  with 

Thus, we have a means of speed determina- 

This same r e s u l t  can be real ized with two a i r c r a f t  a t  
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previously but i s  recal led here because that s i t ua t ion  creates 
the same 2 t o  1 relationship of beamwidths, pulse counts 
separation between beam centers. Thus, it appears that  it is  only 
the r a t i o  o f  t he  beamwidth t o  the beam separation that is  s igni f i -  
cant, and other fac tors  cancel i n  the  determination of the  cosine 
of  the off-zenith angle, 

One way t o  represent this r a t i o  i s  t o  express t h e  sepa- 
ra t ion  angle i n  beamwidths. Beamwidths are  expressed i n  terms 
of pulse counts between the r i s e  and d e c q  threshold points,  The 
simplest of instrunentation i s  then suggested, since the radar 
creates i t s  own pulse r a t e  and can be controlled accurately, The 
pulse can be generated at a given r a t e  s o  t ha t  pulse-to-pulse 
spacing i s  accurate t o  one par t  i n  a million by using a c rys ta l ,  
A count of up t o  a few hundred thoxmand pulses ma;y be involved 
occasionally, Thus, the counter a t  the  output of the  receiver 
counts when any t a rge t  signal r i s e s  above the threshold level ,  
The threshold leve l  earl be varied i n  design and w i l l  vary w i t h  
the s i ze  and range of the a i r c r a f t ,  ye t ,  as noted, t h i s  leve l  i s  
not c r i t i c a l  s o  loag as the same threshold l eve l  is used on the 
r i s e  and decay leve ls  of bo th  beams. Side lobes must be avoided 
s o  as not t o  be counted, but these can be kept well below 20 db 
s o  that an ainple range of  t h re sho ld  leve ls  ex is t s .  
pulse counter continues t o  count and s tores  f i rs t  the number of 
pulses between the f i r s t  r i s e  threshold and the f irst  decay 
threshold points, The count is continued, storing the  accumulated 
count f rom the  f irst  r i s e  threshold i n  a Gecond storage means, 

of  the same threshold points of the second bean, and t h i s  value 
i s  stored in  a t h i r d  storage u n i t -  The second counter i s  stopped 
a t  the time o f  threshold decw of the second bean, Thus, the 
nunber of pulses counted in each bean are then averaged, the  cen- 
t e r  of each beam is  determined by center of gravity or s h p l y  
dividing the swn of the two  stored numbers by two, The separation 
between the beam centers i s  then determined by taking the t o t a l  
pulse count (no, 2 counter) and mbtrac t ing  the averaged, beam- 
width pulse count, 

Thus, the 

The pulses are then counted between the r i s e  and decay 

The two remaining values then a re  (1) the  



average beamwidth of two ident;ical beans (averaging improves 
this value over a single beam which could be used alone), and 
(2) the value of the count that occurred between the bem centers, 

Thus, as shown i n  Figure 28, %he angle is  measured i n  
beanwidths f i n a l l y ,  and %his simple term i s  d i r ec t ly  re la ted  t o  
the cosine of t h e  off-zenith angle. Thus, var ia t ions of speed, 
height, target  s i ze ,  etc., a l l  cancel out in the determination 
of  the dimension Y i n  terms of beanwidths.. This value i s  then 
re la ted  t o  t he  off-zenith angle d i r ec t ly  as a l inear  function, 
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V I I I ,  A TEST PROGRAM TO DEMONSTRATE 
CONCEPTS OF ALTIKETER CALIBRATION 

Figure 29 i l l u s t r a t e s  the pr inciples  o f  the alt imeter 
cal ibrat ion concept. The a i r c r a f t  f l i e s  over a noma1 Marker 
Beacon signal and i n  s o  doing, a relay i s  closed t o  zct ivate  
the cockpit l i g h t  or tone indication of the marker s ignals  t o  
the p i l o t ,  Similarly, a t e s t  using a low-power SSR interrogator,  
o r  a narrow ve r t i ca l ly  directed beam, would automatically request 
heigh-t; reports  from the SSR altitude-coded transponder, 
transponders provide standard udtputs fo r  so l i c i t i ng  a l t i t u d e  data 
reports f r o m  exis t ing 75-MHz marker beacon receivers o r  SSR, 
Esser t ia l ly ,  the ground f a c i l i t y  autoaat ical ly  i n i t i a t e s  a short 
se r ies  of measurements of actual  a i r c r a f t  height during the t h e  
the a i r c r a f t  i s  i n  the  coverage of t h e  SSR o r  marker beans, 

the a i r c r a f t ' s  THI? transmitter f o r  a short time, and a tone-data 
signal representing the height as established by the barometric 
sensor un i t  i s  t r ansa i t t ed  t o  the  ground, The barometric sensor 
i s  quantized t o  perhaps loo-, 200-, 330-, o r  maybe even 500-foot 
heights, s o  t ha t  height reporting from sea leve l  t o ,  sw, a m a x i -  
mum of 15,000 o r  20,000 f e e t  is eoatained i n  a s h p l e  code struc- 
tu re ,  holding down the cos t  of the sensor and tone encoder t o  a 
few d o l l a r s ,  Several d e t a i l s  of t h i s  code (100 qzantized elements 
vs  256 quantized elements) have been discussed before, 
case of  the SSR, the alt imeter encoding already exis ts .  

t i o n  f a c i l i t y ,  the signal i s  received on the  ground f r o m  the air- 
c ra f t  on the VHF YJnicon" frequency, and decoded with a BTL tone- 
decoding unit t o  represent t he  height sensed by the airborne baro- 
sensor, The SSR code i s  s imilar ly  decoded using the ICAO pulse 
codes, Often the a i r c r a f t ' s  baro-sensor, and par t icu lar ly  a 
very, very low z o s t  un i t  sui ted t o  general aviation, may be i n  
erroL", needing adjustment jus t  as the p i l o t  adjusts h i s  baro-  
sensor manually today, 

This auto-calibration function of barometric height 

These 

For exanple, the marker beacon receiver relay act ivates  

I n  the 

A t  the tilne the a i r c r a f t  passes over the height calibra- 
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data i s  analyzed i n  a proposed "proof-of-concept" t e s t  by use 
of a d i r e c t  radar height measurement using a ground radar un i t ,  
For  an  example of the t e s t ,  an X band (modified marine) radar 
looks  a t  the underside of the a i r c r a f t ,  With a 50-kw pulse only 
O,l-&ieros~cond wide (repeated 1,000 times a second), it is  ex- 
pected that'more than adequate signal can be obtained by ref lec-  
t ions f rom even t h e  smallest a i r c r a f t ,  This strong s ignal  re turn 
i s  expected since the radar beam w i l l  be a narrow, zgnith beam 
with no ground re f lec t ions  o r  other disturbing radar t a rge t s ,  
This perinits the use of high-gain receivers and voids complex 
tasget discrimination such as MTI hen large,  fixed t a rge t s  must 
be f i l t e r e d  f roa  the  a i r c r a f t  t a rge ts ,  The zenith beam seeins 
idea l  f o r  a simple, low-cost radar design, 

The lnarine r ada r ' s  usual ro ta t ing  antenna i s  replaced 
by a microwave horn o r  *lpillboxgl antenna pointed a t  t h e  zenith, 
The beam i s  shaped i n t o  a fan shape t o  match o r  improve the 75- 
ME[z marker beam shape, By use of two orthogonal, ve r t i ca l  fan 
beam, an automatically derived correction f o r  slant range e r rors  
is provided, 

c h a a c t e r i s t i c s  (of the phosphor) i s  o f f se t  s o  t h a t  the %-mile 
(range) scale,  o r  4,500 f e e t ,  represents the f u l l  12 inches across 
the display, A se r i e s  of photocells are placed i n  se r i e s  on a 
l i n e  positioned over the PPI s t a t i c  l i ne ,  Each photocell monitors 
d i scre te  distances (now, of course, heights),  Marine radar* has 
at l e a s t  two ranges of i n t e r e s t  t o  the t e s t :  % mile and 1% mile, 
and, by means of available range switching, the photocell signals 
can  represent twice the height values f o r  instrumenting simple 
f l i g h t  t e s t s ,  One inch of the (12-inch) display consequently can 
represent about 400 f e e t  of height, It is possible t o  u t i l i z e  
s m a l l  photocells s o  t h a t  a t  l e a s t  5 t o  10 can be located per inch, 
These photocells would be placed d i r ec t ly  over the cathode-ray 
beam ( l i n e )  established by the of fse t  of zero range t o  the edge 
of the 124nch radar display, 

* Three t o  fou r  manufacturers produce similar units tha t  w i l l  

i 

The radar cathode-ray display with special  r e t en t iv i ty  

--e 

s a t i s f y  the experimental program. 
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Remember the radar is  not ro t a t ing  but is  being used as an 
''inverse radio alt imeter;  '* thus, the cathode-ray sweep of  t he  
screen w i l l  be a s ta t ionary straight l i n e  of fse t  s o  that 
represents ''0" height and 12 inches represents a height of 4,500 
f e e t ,  o r  a height olf 9,000 f e e t  as determined by the range switch. 
Large photoelectr ic  signals sui table  f o r  selecteci units w i l l  be 
obtained f r o m  the bright enissions. The high PRF allows many 
radar sample "hits, so  that  the phosphor. integrates  and corre- 
l a t e s  perhaps 500 sanples. 

Figure 29 represents the t e s t  of the  overall  sgstem 
and SLOWS the e l e c t r i c a l  outputs of t he  photocells going t o  a s e t  
of relays (or sol id-s ta te  switches) that  represent quantized 
heights. Since there  are normally no a i r  o r  groilnd ta rge ts  i n  
the radar beam area, the outpa t  o f  t h e  radar can be ignored (o r  
gated out) except when a VHF o r  SSR reply s ignal  cones f r o m  an 
overhead a i r c r a f t  indicating it i s  i n  the v e r t i c a l  beam coverage. 
T h i s  a l s o  assures t h e  f a c t  that the a i r c r a f t  i s  i n  the radar 
height measurement (crossed) beams. Consequently, the relay 
outputs are only e l e c t r i c a l l y  activated at  the time of t h e  measure- 
ment. 
"presence" of an a i rc raf t  i n  the 75-MHz marker beaq o r  the v e r t i c a l  
SSR beam, thus eliminating many problems of channelization, inter-  
ference, etc. 

could possibly be more, say, 5 t o  10 i f  need be), then there w i l l  
be a max imum height quantization i n t o  48 units. A t  the  %-nile 
r m g e  (4,500 f e e t  maximum range) t h i s  i s  every 100 f e e t  approxi- 
mately, and a t  the &nile range (9,000 f e e t  maximum range) t h i s  
i s  every 200 f e e t ,  and at the 3-nile range (18,000 f e e t  m a x i m u m  
range) this  i s  every 400 fee t .  These values can obviously be 
changed once t h e  "proof-of-concept" i s  established. However, 
they obviously a re  very adequate f o r  such a t e s t .  
from the radar are  the 48 e l e c t r i c a l  contacts representing t h e  

11011 

i 

No s ignals  need ex i s t  unless they are  activated by the  

I f ,  f o r  example, 4 photocells per inch a re  used (this 

Thus, coming 

48 quantized height elenents. 
Similarly, the VHE' "Corn!' receiver on the 

receives the BTL tone data signal and can a l s o  read 
ground 
out quantized 
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height data  from the a i r c ra f t ,  By use of a typical. SSR decoder 
(say ,  a 10 o r  20 channel decoder) a s i m i l a r  source of quantized, 
barometrically sensed data'is available f rom the a i r c r a f t  f o r  
the t e s t ,  .About a 40-miLlisecond burst  can provide any one o u t  
o f - 1 0 0  possfble height eodes, using the  t r i p l e  tone data equip- 
Dent of BTL-via  t h e  VHFrchannel, Alternatively, two (16 x 16 = 

256) burs t s  of 40 milliseconds each can achieve t h i s  with simple 
dual-tone (4 x 4 =16) equipments, Either w i l l  probably do f o r  
tes t ing  purposes, B o t h  medns (SSR and VHF-BTL) w i l l  repeat the  
baro-sensor encoded da ta  xany times while overhead the f a c i l i t y ,  

Mow we have a s i m i l a r  number of wires available f r o m  
the air-to-ground signal source representing quantized data t o  
be compared with the radar-sensed height The comp~iso i l  c i r c u i t s  
merely exmine the  quantized data and determine whether the heights 
agree, Por  simplicity,  assume the radar and a i r c r a f t  data are 
each quantized exactly the same, 
source) represents 2,100 f e e t  ( a t  the 4,500-foot maximum height 
range) of the radar, 
the radar data processor and wire 24 of the BTL-tone o r  SSR trans- 
ponder data output processors, then the  "comparator" recognized 
t h a t  a height reporting e r ror  of 3 quantized elements, o r  300 f e e t ,  
ex is t s ,  This i s  accomplished by simple relay logic and i s  inex- 
peinsive t o  build for experimental. t e s t s ,  

eu i t ,  is now transmitted t o  the a i r c r a f t ,  By use of s i m i l a r  VHF 
tone signaling t o  the a i r c r a f t  (ground-to-air), t h i s  can be rea- 
l i zed  s o  that- a plus and minus value i n  100-foot s teps  can be 
transmitted f o r  the e r ror  data, For example, i f  16 codes were 
used i n  the  (low-cost) commercially available BTL tone (4 x 4 
tones) system, we could have a +800 and -800 f o o t  range o f  error  
corrections i n  100-foot increments, o r 9  say, 21,600 f e e t  i n  200- 
f o o t  increments, The p i l o t  can now be provided a readout d i r ec t ly  
i n  height error ,  Several methods of relaying a l t i t ude  error  t o  

Then, say, wire 21  (of each 

I f ,  however, a s ignal  appears on wire 21 o f  

The difference" signal,  provided by the comparator c i r -  

Q Quantity and polarity--for example, the e r ror  above i s  +3O3 
f e e t  a d  the  corrective difference s ignal  would be -300 f e e t ,  
causing -the 2,400-foot report  t o  now read 2,400-300 o r  the 
correst  2,100 f e e t ,  



the p i l o t  are suggested i n  Figure 30. He can r e se t  h i s  baro- 
sensor f r o m  the ground data s o  that  it i s  corrected. 
t h i s  e r ror  can be used t o  automatically correct the  output of 
the baro-sensor i n  one of m a n y  w a y s .  
e l e c t r i c a l  "eode-sh:fting1' u n i t s  can be used s o  as t o  "auto- 
cal ibrate"  the data'of the sophisticated user. 

Since a l l  of th i s  occurs i n  a second o r  two, the air- 
borne readout would be in a stored c i rcu i t .  s o  that  error data is 
Stored-* E r r o r  could be transmitted by a tone message such as 
the morse code, which i s  s t i l l  used i n  many aviation f a c i l i t i e s ,  
s o  that 26 t o  30 steps would be available. For example, the 
a i r c r a f t  i s  i n  75-MHz signal coverage f o r  about 30 seconds. 
Ekror data could be used t o  automatically correct the alt imeter 
by a closed-loop c i r c u i t  (merely sh i f t i ng  the encoder contacts 
o r  the code i t s e l f ) .  

Similarly, 

Both servo-driven units or 

A, SOME NEEDED LABORATORY DATA FOR PLANNING THE EXPERIMENTS 
It would be useful t o  measure some data on photocells 

t o  determine t h e i r  s ens i t i v i ty  t o  cathode-ray tube phosphor emis- 
sions ( r e t en t iv i ty ,  spectrum response, etc.) typical ly  employed 
i n  radar displays, Al so ,  it may be necessary t o  use some c i r c u i t  
gain a f t e r  the photocell pickup of t h e  phosphor s ignal  t o  provide 
power t o  actuate re lays  o r  logic c i r c u i t s ,  It is a l s o  possible 
that the photo-sensitive device's  output i t s e l f  w i l l  be an adequate 
switching signal,  The reason f o r  t h i s  assumption i s  that the 
radar i s  r ea l ly  working at  f a i r l y  close range, by i t s  usual stand- 
ards, against a ra ther  large t a rge t  ( a i r c r a f t  underside cross- 
sections are much larger  than head-on p ro f i l e s  of a i r c r a f t ) ,  and 
there are  no other ta rge ts  t o  cause noise o r  other electro- 
luminescence of  the phosphor of t he  radar cathode-ray tube. 

* T h i s  permits t h e  p i l o t  t o  correct a t  his convenience and t o  note 
the amount of e r ro r  f o r  replacement of the low-cost baro-sensor 
unit  ($20.00) i f  i ts er rors  exceed the specified limits, The 
stored data would be deactivated, say, i n  2 t o  3 minutes, permit- 
t i n g  the system t o  be automatically i n i t i a t e d  again by f ly ing  
over another height sensor. 
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Furthermore, some 500 t o  1,000 radar h i t s  ex is t  during the br ief  
time the a i r c r a f t  is i n  the radar beam, The tube phosphor inte- 
grates and s to re s  t h i s  r epe t i t i ve  signal,  enhancing signal t o  
noise enormously,* Thus, the signal-to-noise r a t i o  should be very 
good, and the ta rge t  is  only sensed when it i s  known by reports  
tha t  the t a rge t  i s  i n  the beam (via  the interrogator SSR o r  marker 
beax signals causing the a i r c r a f t  t o  emit i t s  tone height data) ,  

If the  photocell system does not. work f o r  some reason, 
then a d i rec t  use of delay l i n e s  and typ ica l  range decoders would 
be indicated, The l a t t e r  i s  a more d i r ec t  type of engineering 
but can be more complicated w i t h  t he  nmiber of range o r  height 
outputs desired. 
i n t o  the X-band radar c i r cu i t ry  o r  t o  modify it, thus avoiding 
radar engineering problems u n t i l  a l a t e r  stage when validated 
t e s t s  w i l l  j u s t i f y  such engineering, 

of the ta rge t  (with the cathode-ray photocell readout) available 
t o  the ground observers. T h i s  would be a good visual data source 
f o r  observing and monitoring the t e s t s .  Each photocell would be 
mounted i n  its own l igh t  shield box s o  that  it i s  exposed only t o  
the l i g h t  source of the  radar strobe l i n e  d i r e c t l y  beneath it, 
Adjacent areas would be s imilar ly  shielded as they would be sepa- 
ra ted  by an m o u n t  such as % inch, The smallness of the photo- 
c e l l s  i s  important but many ex is t  that  can do t h i s  job ,  Perhaps 
l i t e r a t u r e  research w i l l  t u rn  up some photo-sensitive solid-state 
devices that  w i l l  give d i r e c t ,  current switching, replacing 
mechanical re lay  functions. 

the low-cost radio-sonde baro-sensor w i t h  modified baro-switch 
p l a t e s ,  BTL tone-data equipment, and a commercial marine radar. 
The special  experimental. equipment needs would be the zenith- 

It is  desirable  (at l e a s t  i n i t i a l l y )  not t o  cut 

Furthermore, there i s  a v is ib le  display of the height 

The basic  elements for t h i s  s ignif icant  experiment are  

* Special storage tubes e x i s t  w i t h  a memory designed in to  the  
phosphors and e l e c t r i c a l  means t o  read out such data, Tests 
o f  these special  
proof of concept 
used f o r  econow 

storage tubes are suggested a f t e r  the  i n 5 t i a l  
stage where a multiple photo-cell unit is 
and expedition, 
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pointing X band antenna, photocells, and the  comparator o f  the 
radar height outputs w i t h  t h e  BTL outputs, The equipments sug- 
gested should  permit a low-cost f l i g h t  t e s t  and evaluation of 
the proof-of-concept type, Since the items are  a l l  commercial 
items, and u t i l i z e d  well within t h e i r  performance limits, there 
should be l i t t l e  s t re tching of any engineering. Admittedly the 
$10 barometric sensor such as the well known "VIZ" sensor m a y  be 
low-cost, but it can be corrected . to  within about 100 f e e t  i f  data 
f o r  t h i s  correction i s  available i n  the  cockpit during f l i g h t ,  
Automatic recordings taken w i t h  V I 2  un i t s  indicate t ha t ,  w i t h  
automatic in-f l ight  cal ibrat ion,  r e s u l t s  equivalent t o  those 
obtained w i t h  a $1,000 baro-sensor should be obtainable, 
more, the  v e r t i c a l  (ground) radar would report  automatically the 
presence o f  the a i r c r a f t ,  i t s  ident i ty ,  and es tab l i sh  by automatic 
means whether excessive (hazardous*) height e r rors  actual ly  ex is t  
i n  the airborne baro-sensor ins ta l la t ion .  

Further- 

This l a t t e r  function is now a national necessity even 
w i t h  current SSR baro-sensor u n i t s  u t i l i z i n g  the 4,096 codes of 
SSR. A s  Qoted, the  ident ica l  ideas and equipments herein described 
would work  w i t h  the  SSR and should be tes ted  as such, since the 
f loa t ing  height references between a i r c r a f t  without any in-fl ight 
monitoring o r  a b i l i t y  t o  correct height e r rors  can be f a t a l  i n  
dense a i r  t r a f f i c .  Furthermore, the a b i l i t y  t o  conduct in-fl ight 
cal ibrat ion makes a very, very low cost sensor prac t ica l ,  since 
it can be corrected at the exact t h e  o f  i t s  use, i n  the  exact 
envirorunent of i ts use, and at the exact height at  the time of 
the reporting (not w i t h  a bel l - jar  t e s t  every 9 months i n  a remote 
sea leve l ,  ground laboratory environment, 

Be RADIATION PATTPERNS 
Although the foregoing material explains the  principle 

of the auto-calibration of baro-sensed height information, several 

* A l l  the  elements f o r  automatic reporting o f  large e r rors  t o  I 

a cen t ra l  point (via  land  wire) ex is t ,  so  that a f u l l y  monitored 
system is  possible, thus permitting f u l l  use o f  v e r t i c a l  sepa- 
ra t ion  c r i t e r i a  f o r  a11 users of  the airspace, 



questions a r i s e  as t o  the exact width of the beams (75 MEIz and 
SSR-interrogate), whether t h e  a i r c r a f t  i s  i n  the beam long enough 
f o r  data  exchange, the likelihood of two a i r c r a f t  being i n  the 
be=, the serious f a c t  t h a t  the a i r c r a f t  may not pass through the 
actual zenith l i n e  from the  beam emitter because of f l i g h t  e r ro r s  
(off the VOR t rack  s l igh t ly ,  deviation f rom Area Navigation display, 
o r  loca l izer  C D I  d i s p l q )  . 
the coverage diagrams of the  75432, markers. Most 75-m~ beams 
are basical ly  the  same, but have some var iat ions i n  the  minor and 
m a j o r  axis dimensions depending upon t h e i r  application. The 
attached diagrams (Figure 31) from the FAA Fl ight  Inspection Manual 
i l l u s t r a t e  these dimensions and some t o m  iden t i ty  and tone code 

The best  way t o  approach t h i s  matter i s  t o  f i r s t  examine 

signals combinations now i n  use, Typically, i f  an a i r c r a f t  i s  
5,000 f e e t  i n  a l t i t ude ,  it w i l l  pass through the minor axis 
(normal t o  the airway direct ion)  i n  22 ITPI of f l i g h t ,  o r  4 miles 
duration (see Figure 31A). 
of a l m o s t  2 minutes depending upon the  sens i t i v i ty  of the receiver. 
Since t h i s  duration var ies  (probably on the low s ide) ,  the time 
of reception of the 75-MEIz signal w i l l  probably be between 1% and 
2 minutes a t  t h i s  height. If the  speed is  240 knots, t h i s  i s  cut 
i n  half  (45 t o  60 seconds), and a t  480 knots, t h i s  i s  about 23 t o  

A t  120 knots, t h i s  i s  a time duration 

30 seconds of time. 
I n  any case, the  marker signal is  present long enough 

t o  a t t r a c t  the p i l o t ' s  a t ten t ion  so t h a t  he can hear the tone 
s ignals  and tone codes several times, An ident ica l  o r  improved 
v e r t i c a l  beam a t  1030 MEz can be created f o r  a low-power SSR inter-  
rogator signal. Thus, there  i s  more than adequate time f o r  the 
exchange of height data as described previously. With increased 
height, the time f o r  measurements i s  greater,  However, typical ly ,  
the lower a l t i t udes  have lower speeds s o  t h a t  some compensation 
takes place. For example, a t  1,000 f e e t  the signal i s  2 miles in 
width, o r  1 minute a t  120 kno t s ,  and 30 seconds a t  240 k n o t s  ( the 
l a t t e r  being the typical ,  low-altitude, terminal-area speed of 
j e t s ) ,  Thus, it i s  concluded t h a t  a t  l e a s t  30 seconds, o r  at 
wors t  perhaps 20 seconds, of signal is available on the  normal 
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( 0  ) Vertical patterns obtained from a Class F M  fan marker having an impoved type antenna array, 
receiver sensitivity “High”. 

(b !Vertical field patterns obtained from a Class F M  fan marker having a standard type antenna array, 
receiver sensitivity “High”. 

I. L 
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Figure 31 (continued). TYPICAL VERTICAL FIELD PATTERNS 

( c ) Vertical field patterns obtained from an ILS marker beacon. Receiver sensitivity “Lorn”. 
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airway marker. T h i s  i s  more than adequate t o  a l e r t  the height 
measuring equipments and t o  assure that  the radar w i l l  measure 
the m o s t  accurate height and minimize o r  eliminate rlslant-heighttl 
measurement errors ,  

beam emitter (passing through the v e r t i c a l  beam axis) ,  then some 
means Itlust be used t o  assure that a height e r ror  i s  not incurred 
by the radar measuring that range (as noted i n  Figure 23).  T h i s  
general error  i s  l e s s  than 2 percent i f  the a i r c r a f t  passes within 
11 degrees o r  l e s s  of  zenith, A t  5,000 f e e t  th is  is a t rack e r ro r  
of about 1,000 f ee t .  In most cases the f l i g h t s  w i l l  be within 
the t rack  error ,  i f  the p i l o t  has maintained the standard (two 
sigma) 24.5 degree t \o ta l  VOR sgstem er ror  j u s t  p r ior  t o  passing 
over t he  s t a t ion  and i f  he i s  near a VOR a t  t h e  t i n e  of height 
measurement, However, at greater distances t h i s  (24% degrees) can 
be more than 1,000 f ee t ,  and, in f a c t ,  can be 3,000 t o  4,000 f e e t ,  
so  that  some consideration must be given i n  the t e s t s  t o  ways and 
means of correcting for slant-height range measurements, 

If the  a i r c r a f t  i s  not over the  zenith of t he  marker 

C. CROSSED-BE2l.M B O N C W I  
Since the  radar mierawave beam i s  readi ly  controlled 

and shaped at  X o r  C band, and directed i n  any manner we desire,  
we can cause it t o  provide data not possible w i t h  the  wide, poorly 
controlled pat terns  of a 75-MHz marker beacon emission, The wide 
width of the 75-MHz marker i s  advantageous t o  this  concept because 
it assures that  the tolie (data) transmission of height f rom the 
a i r c r a f t  always occurs. However, w e  must assure ourselves that  
the radar reads the actual ,  correct height of the a i r c r a f t ,  not 
merely the slant-height of the a i r c r a f t ,  By crossing the two f l a t  
planar beams, each generated by a simple ripill-boxrl o r  microwave 
horn (see pages 459-464 of  reference ll), we can achieve in te res t ing  
aTd most useful resul ts .  

The geometric pr inciples  of the crossed beams a r e  shown 
i n  Figures 25 and 26, Two planar beans are crossed at 90 degrees 
(maybe 60° i s  be t t e r ) .  
and qui te  wide i n  the other, creating a ve r t i ca l  fan-shaped beam, 

Each beam is  quite narrow .in oae direct ion 
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Tygically, a beam 3 x 93 degrees, as memured a t  the 3-db points,  
would be a good first experiment, A t  5,000 f e e t ,  3 degrees i s  
250 t o  500 f e e t  i n  radar (beamwidth) coverage, providing about 
1,000 $'hits" (pulses) as the  a2rFFaft t raverses  ( f l i e s  through) 
t h i s  fixed beam, It w i l l  be noted tha t  if the a i r c r a f t  is  t o  
e i ther  s ide of the airway, two d i s t i n c t  beam returns  ex is t  since 
the antennas are  merely i n  para l le l ,  both fed f rom the s ingle  
radar. The width (duration) of each beam re turn  (count of  the 
pulses) i s  determined primarily by speed. 
the two re turns  (dimension Y)  i s  re la ted  t o  the amount of o f f -  

The separation between 

course p i lo t ing  error.  

the a i r w a y  d i rec t ion  at thi's point, and the crossed beams are 
oriented according t o  Pigures 25 and 26, 
i s  a goodly distance off the  airway at the time of heightmeasure- 
ments, then dimension (time un i t s )  Y w i l l  be large,  
clock running a t  the radar PRF (1,000 pulses/second) counts the 
times X, Y and Z i n  units of "hitsr1 and time between f lhi ts , f l  
T h i s  output i s  a simple d i g i t a l  signal readi ly  processed t o  obtain 
the  correction factor ,  T h i s  fac tor  is  used t o  correct the ac tua l  
slant-range height measurement,* Since i n  most cases we w i l l  be 
dealing w i t h  a cosine function (of angle a) ,  the corrections w i l l  
be s m a l l  percentages of t he  s lan t  range height (10 degrees i s  1% 
percent, 20 degrees i s  6 percent, and 30 degrees is  14 percent). 
Thus, the dimension Y, i f  measured t o  an accuracy of 5 percent, 
creates  a f i n a l  geometric error  of height of only 1/20 x 6 percent 
o r  0-3 percent, well within our design objectives. 
0.3 percent a t  5,000 f e e t  i s  but a 15-foot e r ror  due t o  the slant 
range measurement, well within the nat ional ly  standardized 100- 
f o o t  quantized system (SSR of 4,096 coaes, each representing 100 
f e e t  of quantized height). 

T h i s  off-course error  has a track t h a t  i s  p a r a l l e l  t o  

Thus, i f  the  a i r c r a f t  

A simple 

'Pypically, 

Without a crude means of slant-height corrections, some 

\ 

* 
It i s  shown in Figures 25 and 26 that the airway o r  a t rack  
pa ra l l e l  t o  it i s  a ve r t i ca l  plane in te rsec t ing  the  two crossed 
microwave planes and tha t  a constant r a t i o  of beamwidth and beam 
separation (x/y o r  z/y, Figure 25) represents angle a as viewed 
from the ground, 
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serious off-course errors  would create f a l se  height errors ,  
Further geometric analysis of the crossed-beam concept w i l l  
show that near the center of the  cross the errors  due t o  slant- 
range or off-track f l ighe  e r rors  decrease markedly because of 
the cosine-function influence, It i s  l i ke ly  that a vas t  ma3ority 
of the  a i r  t r a f f i c  w i l l  be on course or close enough that slant 
range errors  would be minimal. I n i t i a l  t e s t s  of th is  concept 
can assume a i r c r a f t  d i rec t ly  over t he  v e r t i c a l  radar because it 
i s  known that a simple slant correction w i l l  be tes ted  during 
a second phase. However, even i n  the adverse case of airway 
t r a f f i c  being off-course suf f ic ien t ly  that ,  when viewed ve r t i ca l ly  
from the measuring s i t e ,  the a i r c r a f t  i s  30 degrees from the 
zenith. 
and thus the computation using Y corrects  the 14 percent error  t o  
1/20 of  that error, so that  the geometric error  is  down t o  about 
0.7 percent. Even i n  this  highly exaggerated case, height moni- 
tor ing data used f o r  ve r t i ca l  separation, "Ilagging" al t imeters  
beyond standardized tolerances, etc., is s t i l l  within the quantized 
values of our  national standard. The higher the a i r c r a f t ,  the 
l e s s  the s lant  correction f o r  a given a i r w a y  t rack e r rorO another 
compensation aiding the baro-correction above 10,000 f e e t  , 

\ 
The dimension Y is  readi ly  measurable t o  1 part in 20, 

Technically, the crossed-beam concept is easi ly  in s t a l l ed  
by merely using t w o  horns o r  pill-box antennas fed w i t h  a microwave 
"Tff f r o m  the radar. Crossed-beam t e s t s  occur a f t e r  some single- 
antenna f l i g h t  t e s t s  t o  determine bemwidths, radar sens i t iv i ty ,  
ground target  re turns ,  etc.  The f l i g h t  t e s t s  would record w i t h  
tape, scope-cameras, e tc , ,  the shapes of beams A and B, t h e i r  
widths, number of pulse r'hitss'l and the dimension Y. Simple 
electronic geometric correction can be applied t o  correct  the 
radar range (height data) s o  t h a t  e f fec t ive ly  the  data i s  a vert-  
i c a l  l i n e  equivalent t o  a zenith a l t i t ude  measurement d i rec t ly  
beneath the a i r c r a f t ,  even if  the a i r c r a f t  i s  not over the  f a c i l i t y .  
Flight t e s t s  of this  data will es tab l i sh  the bes t  beamwidths, 
angles, and l i ke ly  errors; however, a l l  these values seem well 
within desired engineering tolerances, 



D. OUTLINE OF EXPERIMENllBL PRO T;EAT)IHG TO 'PHE DESIGN OF A 

I, Vertical  looking ground radar f o r  height measurement 
FACILI!PY FOR IN-PLIGHT C U B R A T I O N  OF BQRO-SENSORS 

a. Ekperimental 9 f c r ~ ~ ~ e d - b e ~ ~ 9  microwave antennas 
b, Flodifications t o  commercial X-band marine radar 
c. Modification of radar display t o  measure height data 

(using typ ica l ly  %, $t, o r  1% mile ranges w i t h  20 yards 
d iscr imbat ion)  

inputs f o r  ARTS I and ARTS 1x1 alpha-numeric computer 
displays 
Flight tes t ing  using photo-theodolite recording techniques 
Data reduction (accuracy, e r r o r  computations, cosine cor- 
rect ions)  

d, Range decoding w i t h  d i g i t a l  conversion t o  land-wire 

e. 
f 

g. Modifications of tes\t units 
h. Co.nfirmatory f l i g h t  t e s t s  
i, Tentative design specif icat ions 

Bell  Telephone data-transmission systems (4 x 4 and 4 x 4 x 5 
mul'cit one s ) 

11, 

a. Simplif ied telephone handset push-buttons on VBF voice 

b. 
c. 

channel 
Variable burst lengths on VHY (normally 40 millisgconds) 
Interval  timer var ia t ion  of multitone codes i n  ;?light-test 
envir onment 

d. Ground, multitone decoding and processing equipment 
e. Ground recording equipment t o  es tabl ish in tegr i ty  of 

multitone data transmitted from t e s t  a i r c r a f t  
f ,  Test of modulation levels  of  dual and t r i p l e  tones on VHF 

g- Sequential burst  messages o f  dual o r  t r i p l e  tones 
voice equipment 

1/256 o r  1/8,000 code s t ructure  (16 x 16 o r  90 x 40 
h, Test VHF lobing, multipath, turning a i r c r a f t ,  a i r  and 

ground pat terns  of antennas t o  es tabl ish refi 'ribility of 
transmission paths 

5.- Test tone transmission w i t h  p a r t i a l  voice Jamming on cir -  

j, Consult w i t h  Bell  Laboratories on usage of multitones i n  
cu i t  (BTL se lec t ion  of tones was t o  eliminate such jamming) 

air-to-ground and ground-to-air data transmission f o r  
general aviat ion and a i r l i n e s  
Study ground net f o r  sending data t o  control towers, 
centers, s m a l l  airports, synchronous w i t h  Omega VIJ? timing, 
e tc ,  

k, 

Y 
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1, Establish typical  standards on modulation, VBF t ransmit ter  
charac te r i s t ics ,  costs,  airborne encoding, a i r  and ground 
decoding, e tc ,  

111, Low-Cost Barometric Sensor-Encoder Tests 
a. $fotiy "baro-switchf' of radio-sonde units (such as V I Z  

be  Laboratory t e s t ing  of  ba ro  units f o r  repeatabi l i ty ,  l i f e ,  
and encoding accuracy 

c ,  'Pest baro-switch f o r  coarse a l t i t u d e  encoding of every 
500 f e e t  u t i l i z i n g  the SSR-ICAO transponder codes 

d. Breadboard "inter-face" units between low-cost baro-sensor 
and existing low-cost SSR transponders - 

e. Test baro-sensors and experimental e lectronics  t o  use 
multitone data l i n k  f o r  a l t i t ude  transmission using BTL 
data transmiMsion noted above i n  s tep I1 
Flight t e s t s  of SSR transponder and BTL (tone-VHP) report- 
ing of barolnetric height i n  500-foot ICAO code and 30C)-foot 
BTL code 

f. 

g. Record f l i g h t  t e s t  data and analyze 
h. Modify 75-MHz marker beacon f o r  automatic so l i c i t a t ion  of 

VHF airborne multitone signals. 
i, Test low-power, low-cost, v e r t i c a l l y  directed SSR interro- 

gator signals 

IV, System integrat ion t e s t s  
a. Locate v e r t i c a l  radar a t  ILS marker s i t e ,  and t e s t  auto- 

matic recording on t h e  ground o f  a i r c r a f t  height by BTL 
tone data 
Same as ( a )  but record SSR transponder reports  t o  low- 
power v e r t i c a l  interrogator  located w i t h  radar on airway 
o r  landing approach f l i gh t  t rack 

baro-sensed data and radar height data using datum refer-  
ence of  ground radar elevation 

d. Automatic reporting of e r rors  t o  p i l o t s  by 2 t o  3 methods 
(voice, data link, e r ror  only, 75-m~ tone data, SSR in te r -  
rogate codes) 

sh i f t i ng  of a l t i t ude  codes o r  by servo changes i n  baro- 
metric referencing datum 

airway u t i l i z i n g  a few Fnstrumented a i r c r a f t  

b. 

c Land-wire transmission of  large discrepancies between 

e, Automatic ca l ibra t ion  of airborne u n i t s  by electronic 

f, "In-service" t e s t ing  on f i n a l  ILS approach o r  VORTAC 
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1. ATC 
2. BTL 
3-  CAS 
4. C D I  

5. CLC 

7. ICW 
8 ,  LOP 
9. OBI 
10. PCD 
11. PPI 
12. PVOR 
13. FWI 
14. S I D  

15. SSR 
16, TACBM 

6. DME 

17. TEFLPS 

19. VHF 
18. VAC 

20. V r n  
21. VOR 
22, VORTBC 

IX, ABBREVIATIONS 

A i r  Traffic Control 
Bell Telephone Laboratories 
Collision Avoidance System 

Course Deviation Indicator 
Course Line Computer 
Distance Measuring Equipment 
Intermittent Continuous Wave 
Line of Position 
Omni-Bearing Indicator 
Polar Cap Disturbance 
Plan Position Indicator 
Precision VOR 
Proximity Warning Indicator 
Sudden Ionospheric D i s t u r b  am e 
Secondary Surveillance Radar 
Tactical A i r  Navigation 
Terminal Instrument Procedures 
Vector Analog Computer 
Very H i &  Frequency 
Very Low Frequency 
VHF M i r a n g e  
Combined VOR and TACAN systems 
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SUlYMA.RY OF THE CONCEPPS OF A NEW V” LOW-COST 

GENERAL AVIATION ITAVIGATIONBL FACILITY 

This appendix was prepared for a presentation to a professional 
meeting discussion of Air Traffic Control, chaired by William 
O’Keef e, the NASA/ERC project engineer managing this effort . 
The discussion was a part of the technical sessions at the 1969 
KEREM meeting. 

Since it summarizes the subject of VLF navigation somewhat 
differently from the text and is relatively brief, it is included 
for the benefit of those who do not have the time to read through 
the entire report. 



To accommodate the large growth i n  a i r c r a f t  and a i rpor t s  
by the year 1990, it w i l l  be necessarg t o  modernize and expand the 
preseat VORTAC system extensively, M a n y  of the  current f a c i l i t i e s  
must be modernized w i t h  precision (multi-lobe o r  doppler) VOX tecin- 
niques. Relocation o r  complex v e r t i c a l  d i r ec t iv i ty  antennas may be 
necessary t o  prevent azimuthal course dis tor t ions.  To supply t o t a l  
Area Navigation coverage with VORTAC and f o r  low a l t i tude  f l i g h t  
coverage down t o  approach heights of about 300 f e e t ,  
m a n y  as  2,000 VORTAC s ta t ions  w i l l  be needed by 1990 6 igure A-1). 
Each s t a t ion  i s  complex with two basic subsystems: the VOR (doppler 
o r  multi-lobe) and the DPlE (L band pulse, multiplexed system). 
Each uni t  must operate w i t h  automatic moni%ors, dual t ransmit ters  
and receivers ,  and autornatic change-over equipment, Continuous 
ground maintenance and f l i g h t  inspection by dozens of FAA and m i l i -  
t a r y  a i r c r a f t  throughout the nation causes t h i s  t o  be a very cost ly  
approach f o r  nat ional  expansion, AC 90-45 (reference 4) points out 
$hat the accuracy of VOR airways f o r  Area Navigation w i l l  be about 
-1.5 miles f o r  terminal operations, about 24.0 miles f o r  enroute, 
and about fO.9 mile f o r  f i n a l  approach. 

erhaps as 

The lower half of E'igure 8-1 indicates  that a t o t a l ,  
national navigation system could be achieved with only 4 VLE' trans- 
mi t te rs  operating on the pr inciples  and vast  experience of t he  
Omega system. These four  s ta t ions  would provide a contiguous, 
in te r re la ted  s e t  of coordinates across the en t i r e  nation instead 
of the  randomly spaced, unrelated coordinates of VORTAC. 
racies  can be kept t o  about 0.5 mile using a central  diurnal meas- 
urement and monitoring system. The propagation character is t ics  of 
the 10 t o  50 kHz region offers  excellent coverage on the surface 
and behind mountains at a l l  a l t i tudes ,  Honitoring on the surface 
is  adequate f o r  large regions. VLF f l i g h t  inspection i s  minimal, 

Obviously, i n s t a l l a t ion ,  maintenance , and operating costs 
of four s ta t ions  w i l l  be vas t ly  l e s s  than that f o r  2,000 VORTAG 
s ta t ions,  
t e s t s  should be made before a commitment t o  ful l -scale  VORTAC modi- 
f ica t ion ,  modernization, and re-engineering program occurs. Per- 
haps a mixture i s  needed of ,  ult imately,  about 400 VORTAC s ta t ions  
and 4 Omega s ta t ions  giving (1) redundancy, (2) vast increase i n  
capacity, and ( 3 )  what appears as a very low-cost '%otal" system 
of VLI? timing, ATC, proximity warning, navigation, etc. A several 
time improvement i n  service may be gained w i t h  a several  time reduc- 
t i o n  i n  cost of a i r  and ground VLF units, 

VIJ? accu- 

Such a de ta i led  cost  comparison and operational vI;F 
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NON-UNIFORMLY LOCATED ' 

Figure A-1. COMPARISON O f  1000 TO 2000 VORTAC 
STATIONS WITH BUT 4 VLF STAftONS FOR A 
NATIONAL NAVIGATIO 
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Although the  Omega coordinates are  hy-perbolic when con- 
sidered on a 3,000-mile basis, they are essent ia l ly  pa ra l l e l  s t ra ight  
l i nes  f o r  distances of about 100 t o  200 miles, Thus, 
s e t  of evenly spaced, pa ra l l e l  coordinates crossing a second se t  
of evenly spaced, pa ra l l e l  coordinates, This provides an ideal  
coordinate system f o r  navigation and BTC as we shall  see. Many ATC, 
pi lo t ing  and proximity problems are automatically solved w i t h  basic,  
pa ra l l e l  coordinates vs the  converging coordinates and random 
or ig in  coordinates of the VORTAC system. 

The simplest means of following the coordinates is  t o  
simply use a "crossed-pointerP1 meter tha t  has two needles that 
crosso representing the  Local angle of crossing of the VLF coordi- 
nates. Similar instruments are used i n  normal cockpit usage f o r  
ILS and VOR, and f l i g h t  t rack  followingo They are  low-cost, yet  
can give I1area-coverageg1 and are t ru ly  an analog o r  "picturer1 of 
the local area. 

By using two meter movemmts, one i n  a gimbal, it i s  
possible f o r  the p i l o t  t o  simply set  the crossing angle of the 
needles t o  represent the angle between the VLl? navigational l a t t i c e  
l ines ,  
play is  se t  s o  that  angle a represents angle a shown on the p i l o t ' s  
navigation charts ,  
note the movement of the horizontal  needle as the  a i r c r a f t  traversed 
the VLF lanes. 

Bote i n  the l e f t  sketch (Pigure A-2) t h a t  the p i l o t ' s  dis- 

The p i l o t  would f o l l o w  the ve r t i ca l  needle and 

I n  the  center example the l i n e s  cross each other at 
r igh t  angles, and i n  the l e f t  example the  angle i s  noted as c 
which is p ic to r i a l ly  presented t o  the p i l o t s  i n  t h e i r  displays, 
Only a s ingle ,  time-shared receiver is  needed t o  provide t h i s  f u l l  
positioning system and navigation service, and only a simple dis- 
play equivalent t o  the present Course Deviathn Indicators i s  

quires 4 elements: avoiding ""p (1 VOR receiver,  (2) DME, ( 3 )  course-line corn- 
required , 
puter,  (4) display and controls, KLF Omega requires but t w o  un i t s  
as there  is  no coordinate data processing (converting hyperbola o r  
c i r c l e s  t o  s t r a igh t  l ines) .  Simply *'rawt1 VLF posi t ion data i s  fed 
t o  the two crossed needles. 

erbol ic  o r  other computations. VORTAC re- 

For fur ther  d e t a i l s  and t e s t  r e s u l t s  of t h i s  simple con- 
cept r e fe r  t o  a paper i n  the  LEE33 EASCON 1969 Conference Record 
(reference 2) I 
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Figure A-3 t yp i f i e s  a more sophisticated use of the 
VLI? '~Wide-Area-Navigatio~' concepts. A t  the  lfstaxt'' point the dis- 
play shows the destination, heading and present posit ion,  In f ive  
progressive s teps  we see the  p i l o t  f l y  toward the  intended track,- 
intersect ing it automatically, and then following the desired t rack  
t o  the  destination. A l l  geometric relat ionships  a r e  i n  r e a l  angles 
and in l inear  coordinates s o  that  p i lo t ing  i s  great ly  simplified. 

Since Omega is  a single-channe1,tjme-shared system, 
there i s  no channel changing. llhe coverage i s  f u l l y  as useful on 
the surface (and as accurate) s o  tha t  t he  p i l o t  can check his dis-  
play and VLF receiver before takeoff i n t o  overcast o r  dense, con- 
t r o l l e d  ATC conditions. He can even see the display move as he 
tax ies  on the a i rpor t  surface, These features  are sonething not 
provided by the "line-of-sight" l imitat ions of t he  TOR and DME that  
prevent checkable signals t o  be received on the  ai rport  surface 
from the actual  navigation source that w i l l  be used i n  f l ight,  
(Both TOR and DME are essent ia l  f o r  VORTAC k e a  Navigation.) The 
f a c t  remains that no sim l e  means of displaying two coordinates 
(such as two VOR signals? can be reasonably provided. VORTAC Area 
Navigation displays provide an equivalence, but are not useful at 
low a l t i tudes ,  say, on a let-down under a low cei l ing condition t o  
an a i r f i e l d  (remote from VORTAC) that cannot afford an ILS, 
equally serves w h a t  can be thousands of such small airports  and 
t h e i r  approaches as well as hundreds of major  a i rports  anticipated 
i n  1980-1990, 

VIJ? 

The Omega VLF Navigation display as shown w i l l  work 
"as-is" i n  Seat t le ,  New York, o r  Texas; it w i l l  be useful a t  70,000 
f e e t  and on the  a i r p o r t  surface! it is f u l l y  available in val leys  
o r  behind mountains, No Rl? channel changing i s  required, and the 
coordinates are s o  simple! and logical  that student p i l o t s  should 
quickly learn t o  fly and can afford t o  fly on instruments, 
ermore, t he  basic cost t o  general aviat ion should be l e s s  than half 
that  of the VOR2AC/CLC Area Navigation concepts, 

W t h -  
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We must mention one of the problems of the vI;F transmis- 
sion phenomena, 
region between the ionosphere and the emth ' s  surface, some varia- 
t ions  i n  the exact the-of-arr ival  of a given signal a t  a given 
point occurs on a dai ly  o r  diurnal basis, The amount of var ia t ion 
is  well known, very repeatable, and has been recorded and studied 
f o r  some 20 years By  s c i en t i s t s  at  H m a r d ,  RBS, the EJavy, and in 
Europe, Thus, one can predict  the exact amount of diurnal s h i f t  
t ha t  occurs, and camputed tables  are used t o  correct the exact 
amount. Also ,  by means of a loca l  receiver, the e l ec t r i c  coordi- 
nates are re la ted  to  a known geographical reference, and the p i l o t  
is  t o l d  t o  add o r  subtract a "different ia l"  correction jus t  as  he 
now adds o r  subtracts barometric pressure changes, 

As the paths are very long and a re  conveyed i n  a 

T h i s  "differential-Omega" concept reduces what mi@t be 
e r ro r s  of 3 t o  4 miles t o  errors  of l e s s  than J$ mile. Thousands 
of t e s t s  have ver i f ied  this  concept, 
automated by several means, such as simply transmitt ing periodically 
(every 10 minutes i s  adequate) the loca l  d i f f e ren t i a l  correction 
along w i t h  the barometric correction. The ATC tower o r  center 
would simply read by automatic voice, un i t s  of altimeter se t t ings ,  
such as 29.31, and the navigation se t t ings  m e  +14 centilanes X 
and -11 centilanes Y-all i n  a s ingle  s h o r t  broadcast. 

Such a concept is  readi ly  

However, even a be t t e r  solution is  evident when a -11 
geographical area (compared t o  Omega's normal world-wide coverage) 
such as the United States ,  i s  considered. 
o r  s o  monitoring receivers s t r a t eg ica l ly  located throughout the! 
country, and feeding the i r  readings by telephozle l i nes  t o  a central  
computer (Figure A d ) ,  it i s  possible t o  have a t  one point all the 
data needed t o  ins tan t ly  provide the corrections needed a t  any 
locale t o  any user, History of da i ly  shif ts  and interpolation 
should permit this correction t o  be made t o  accuracies of about 
500 t o  1,000 f e e t ,  based on a wide-area computation using known 
propagation oonstants, These can be automatically received by VIAB' 
a t  each receiver,  automatically modifying i ts  output t o  correct 
readings and r e f l e c t  the diurnal correction, 

By i n s t a l l i ng  some 20 
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A s  noted i n  Figure 8-4, the  central  computer senses the 
t o t a l  vI;F "flux" across the nation, and from about 20 sensors a 
computer examines current readings of a l l  LOP'S and the r a t e  of 
change of diurnal ( i t  repeats day t o  day t o  within a f 
according t o  Swanson of NEL (reference 10). Thus, the computer 
merely examines the current readings, history and any special  con- 
d i t ions ,  such a s  CSA's o r  SID's, and provides a real-time computa- 
t i on  of the correction necessary everywhere i n  the United States  
f o r  automatically providing a d i f f e ren t i a l  VLF navigational correc- 
t ion,  Although t h i s  can be provided on a teletype c i r cu i t  t o  a l l  
l oca l i t i e s ,  l i ke  the weather service, and be added as  an extra  mes- 
sage on the weather telety-pe network already i n  existence in the  
FA& and mi l i ta ry  f i e l d s ,  there i s  a l s o  an intriguing poss ib i l i t y  
t ha t  t h i s  can be done f u l l y  automatically within each use r ' s  
receiver. 

centilanes] , 

The Omega VU? receiver receives a phase-coded message 
tha t  automatically corrects i ts  output. This is done by using the 
precision 10 seconds of the Omega format cycle (or amy multiple of 
it such as  5, 15, 20 seconds). 'Phis format cycle can be synchron- 
ously followed by a receiver s o  that it i s  ~'tracking" i n  a time- 
sequential  manner the 10-second format t o  about a 1 t o  2 millisec- 
ond accuracy (navigation i s  t o  about 3 microseconds of reading accu- 
racy and should not be conf'used with the  format time-frame signals),  

Thus, each diurnal correction message is addressed by r o l l -  
c a l l  t o  each geographic area i n  t h e  United S ta tes ,  so t ha t  about 
100 areas are "roll-called8t i n  about 2 minutes f o r  a given station. 
With 4 VU? s ta t ions  providing national coverage ( 5  t o  6 l i nes  of 
posit ion everywhere), t h i s  would require a t o t a l  of only about 8 
minutes t o  transmit a fu l l  diurnal correction f o r  computing posit ion 
from any of the 6 possible hyperbolas (Figure A-5). 

A possible phase-coded message i s  i l l u s t r a t ed  using a 
W.erce"* type phase code wherein the 3 steps axax +go degrees, 0 
degrees, and -90 degrees, T h i s  code o f f e r s  the necessary message 
capacity t o  f u l f i l l  a 1 percent accuracy requirement (one centilane,  
or about 500 f e e t  correction accuracy), 

The lower half of Figure A-5 shows the  message and the 
ro l l - ca l l  addressed sequentially by t i m e  from Seat t le  across the 
nation t o  Maine, continuation in' a raster-rtype scan, w i t h  varying 
areas depending on distance t o  each transmitter,  and ending i n  the 
Miami, Florida area, A t o t a l  of 100 areas are thus corrected t o  
the l a t e s t  diurnal monitoring s i tuat ion,  'Phis automatic correction 
w i t h  the  typical  e r ro r s  of e uipments and p i l o t i n g  should r e su l t  i n  
a t o t a l  user e r ror  o f  about 2 m i l e  t o  1 mile, depending on the com- 
plexi ty  of the use r ' s  receiver and how the  d i f f e ren t i a l  i s  inserted,  

*Professor J, A, Pierce of Rarvard must receive the major c red i t  f o r  
h is  vision and s k i l l  i n  bringing 9LF navigation t o  i t s  successful 
stage and world-wide implementation and usage, Many of his coments 
have been most helpful i n  the study of the broad aspects of a simi- 
lar U,S.-only VLF Navigation service, 
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Pigure A-6 summarizes some of the aspects of p i l o t  usa e 
of VLF -(such as modified Omega f o r  the  rlU.S,-only") and VORTAC 7 the  
current system); VORTAC m a y  f i n a l l y  require b i l l i o n s  t o  expand and 
modernize by 1990 t o  (1) meet the growing threa t  of co l l i s ions  by 
b e t t e r  ATC and t rack following and (2) the expanded airspace needs 
of general aviation and VSTOL. Under tlERRORSrl we r e f e r  t o  the f a c t  
t ha t  t he  e r rors  of VLF navigation are  nearly constant throughout 
the coverage and m e  sonewheEe i n  the J6 t o  1 mile region depending 
on the use r ' s  receiver. In the  VORTAC t h i s  var ies  from about 1 mile 
t o  about 4 miles o r  more depending upon the use r ' s  dis'tance t o  t he  
nearest VORWC f a c i l i t y  {see reference 4, which describes the use 
of VORTAC with e r rors  of 2 t o  4 miles as an Area Navigation system). 

distance from a VOR) the f l i g h t  t rack  intercept ing the  210-degree 
coverage each s ide of the selected course requires a d i f fe ren t  inter-  
cept angle with d i f fe r ing  ranges of intercept.  Since the  t rack e r ror  
i s  l inear  and constant f o r  a t  l e a s t  300 miles, t h e  VLF t rack can be 
intercepted with a single,  standardized intercept  angle and meter 
( C D I )  sens i t iv i ty .  Professor McFarland has demonstrated (reference 
2) i n  a low cost  application of  Omega tha t  a s e n s i t i v i t y  of 22% 
miles i s  typical  with such a standard, This i n f e r s  t h a t  the learn- 
ing of Area Navigation could be grea t ly  simplified and possibly 
taught s o  t ha t  every pr ivate  p i l o t  upon receiving h i s  l icense can 
navigate. 

With respect t o  INTERCEPT we see' t h a t  (depending upon the 

Similarly, Figure A-6 indicates  t h a t  the course var ies  
with distance i n  sens i t i v i ty  and tha t  t he  overal l  "gain" of the 
control loop var ies  by over 10 times on normal f l i g h t s  using TOR 
radials, This s ens i t i v i ty  change i s  disturbing t o  a p i l o t ,  since 
h i s  on-course heading corrections f o r  a given indinator ( C D I )  e r ror  
must vary throughout the f l i gh t .  In the  constant s ens i t i v i ty  case 
of VLF-Omega, a given heading f o r  a given cross-wind o r  other t rack 
disturbance achieves a standardized, repeatable resu l t .  Even 
though VLF/CDI displays a re  slower t o  reac t  than VOB, these aspects 
give the  f i n a l , p i l o t i n g  advantage t o  VLF. 

The coverage portion of Pigure A-6 i l l u s t r a t e s  t h a t  the 
line-of-sight constraints  of VHP propagation l i m i t  the  low-altitude 
use of VORTAC. Thus, VORTAC is  not useful i n  the cones above the 
s t a t ions  nor  below the radio horizon, l imit ing the operational 
u t i l i t y  of VORTAC, say, f o r  a 300 t o  400 foot approach-altitude 
t o  remote f i e l d s ,  considerably and forcing new VORTAC s t a t ion  ins ta l -  
l a t i ons  f o r  new a i rpor t s ,  U.S.-Omega-VLF can s a t i s f y  any large 
number o f  new general aviat ion a i rpo r t s  (even thousands) regardless 
of t h e i r  locations. Furthermore, VLF of fe rs  superior service i n  
terms of low-altitude coverage and i n  terms of accuracy, 
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I n  the portion of Figure A-7 tha t  shows the number of 
airborne uni t s ,  we see t h a t  a comparison is made of the VORTAC 
equipments required i n  the simplest Area Navigation configuration 
t o  comply with the new FAA. c r i t e r i a ,  The f o u r  elements t o t a l  i n  
cost about $8,000 t o  $10,000 ( f o r  a future  expanded and moderniaed 
environment o f  VORTAC t h a t  ;nay include more closely spaced Rl? 
channels and precision VOR techniques, cutt ing angular e r rors  t o  
a t h i r d  seems essent ia l  f o r  VORTAC Area Navigation success), When 
the cost  (about $3,000) of a CLC such as the  one recently announced 
f o r  general aviation by NARC0 (reference 12) i s  added t o  the cost 
of a TOR-DME and a display, we arr ive at a minimum cost of about 
$8,OOO. 

Although the a i r l i n e  VORTAC Area Navigation units may 
cost as much as $40,003 t o  $75,000 f o r  the  4 elements and some 
redundancy? the lowest general aviation cost ,  when the  VORTAC expan- 
sion and modifications occur t o  r e a l l y  provide t r u e  Area Navigation, 
w i l l  s t i l l  be about half the  cost of a good, sirtgle-exine a i r c ra f t .  
This does not include the other e lectronics  needed--instruments 
szch as SSR, g y r o s ,  comunications, etc,--so t h a t  the electronics 
could f i n a l l y  equal the cost of the a i r c r a f t  i t s e l f  i f  we do not 
f ind  means t o  g rea t ly  reduce costs  while adding general aviation 
service. 

The cost  of the  vI;F navigation receiver i s  low because 
there is  no need for a CLC computer u n i t ,  and the single receiver 
obtains the equivalency o f  crossing coordinates i n  t h e  time sharing 
of 4 s ta t ions.  Thus, it i s  estimated t h a t  the general aviation 
u s e r ' s  VLF navigation costs  w i l l  be probably no higher than t h a t  
of a good VOR receiver and display o r  about $1,000 for a t o t a l ,  
national,  loca l ,  "wide-Area-Navigation" capabi l i ty  t h a t  i s  f a r  
more useful  i n  additional ways than VORTAC. 

I n  the  sketch o f  Figure A-7 t h a t  shows multiple a i rpor t  
ATC, we see t h a t  the VLF coordinates f i t  the approach t racks with 
b e t t e r  geometric harmony than the  many polar diagrams needed fo r  
BORTAC, In  the  comparison on frequency changes, we see t h a t  the  
p i l o t  i s  forced t o  repeatedly change channels while navigating 
with VORTAC, but when using VLF wide-Area-Navigation, there  i s  no 
channel changing, One channel select ion ex is t s  i n  VLF and never 
changes throaghout the  nation, s o  tha t  only track changes are  in- 
serted in to  the  display (as seen i n  Figures A-2 and A-3). 

This f a c t  alone r e s u l t s  i n  a large reduction i n  the cost 
of VLF receivers,  since i n  VOWAC the m a q y  channels must be care- 
f u l l y  selected,since it requires the complexity of a hundred or 
thousand channel unit .  

I n  the sketch of Figure A-7 t h a t  shows i r regular  and 
mountain t e r r a in ,  we see tha t  the  shadowing of VORTAC prevents i t s  
use behind a mountain. However, VLF i n  the same environments i s  
unaffected by mountains (no multipath e r rors )  and provides coverage 
behind them and t o  the surface everywhere s o  t h a t  l i t t l e  a i rpo r t s  
i n  val leys  have the same good service as those in the open areas. 
This aspect alone i s  an enormous m t i o n a l  savings as hundreds, if 
not thousands, of general aviat ion a i rpor t s  w i l l  spring up through- 
out the nation with the  growth t o  some 200,000 users-  

A-14 



DISPLAY 

NUMBER OF AIRBORNE UNITS 

\ 

0 4 
V L F  

1 
I MULTIPLE AIRPORT ATC 

R TAC 

FI 

NO 

VLF 

FREQUENCY CHANGES 

SOLID U T  COVERAGE 

IRREGULAR AND 
MOUNTAINOUS TERRA IN 

Figure A-7. A I R  T R A F F I C  COMPARISONS OF 
VORTAC V S  V L F  

A - 1 5  



Table A-I recaps the foregoing discussion about a new 4-station 
chain of VLF s t a t ions  t h a t  optimizes a l l  we know now about VLF naviga- 
t i o n  and is  s i m i l a r  t o ,  and based on9 Omega. The current Omega program 
i s  planned t o  be operational on a world-wide basis  i n  about 3 years s o  
t h a t  the 4,000 t o  5,000 mile baselines w i l l  offer  a much needed global 
service, 
the extrenely low ' ' total" VLF systeln cost i s  so a t t r ac t ive  t h a t  it is  
proposed t h a t  a p a r a l l e l  cooperative net covering only the United S ta tes  
should be instal led.  
Table A-I, 

Although t h i s  w i l l  a l s o  be available i n  the United States ,  

The many advantages t o  be gained are l i s t e d  i n  

The main advantages include the sampling r a t e  which i s  c u t  a t  
l e a s t  i n  half s o  t h a t  the t rack  e r rors  a re  minimized and the computing 
and display costs f o r  a i r c r a f t  can be reduced. Secondly, t he  VLF sig- 
na ls  can be made stronger f o r  t h i s  given area by increased power and 
shorter transmission ranges--again lowering receiver  costs and improving 
performance- Thirdly, we can automatically correct diurnal over a s m a l l  
area (such as the 48 contiguous United S ta tes )  since it i s  but a s m a l l  
f rac t ion  of the t o t a l  e a r th ' s  surface. The 4 mil l ion square miles i s  
divided in to  areas abo-dt 40,000 square miles each, o r  about 200 X 200 
f o r  diurnal correction from one single cent ra l  VXF broadcast, something 
not sui ted t o  a world-wide system. Thus, the automatic diurnal correc- 
t i o n  offers  much gain f o r  users of the l imited U.S.-only Omega chain 
over the world-wide system. Such a measurement and transmission means 
(as shown i n  Figures A-5 and A-6) i s  p rac t i ca l  i n  the  U.S. case, simply 
eliminating one of the  admitted l imitat ions of VLF navigation. 
we gain many advantages i n  the pa ra l l e l ,  cooperative and f u l l y  synchron- 
ized, U.S.-only VLF-Navigation system. It w i l l  back up the world-wide 
system, it w i l l  be aided by the world-wide system (Trinidad i s  near 
Florida and may serve as a s t a t ion ) ,  and the U.S. Omega w i l l  aid world-  
wide Omega, 

Thus, 

Basically, the world-wide system i s  i n  i t s e l f  a remarkable 
achievement, yet  some of the urgent general aviat ion needs cannot be 
f u l l y  met by it alone o r  by VORTAC. The costs a r e  r e l a t ive ly  s o  low 
(megabucks per mega-square miles) t h a t  f o r  perhaps 10 percent of the 
cost of expanding and modernizing VORTAC over the next 20 years (more 
stations, closer channel spacing, increased v e r t i c a l  gain, multi-lobes , 
doppler, etc., and s t i l l  not bringing t h e  cost t o  general aviation below 
about $6,000 t o  $8,000) we can offer more coverage and higher qual i ty  
service t o  more users  ( a i r l i nes ,  m i l i t a r y ,  and par t icu lar ly  the 2009000 
general aviation a i r c r a f t  tha t  w i l l  probably be forced lega l ly  t o  carry 
some form of Area Navigation of t h i s  nature i n  a few years). 

Thus, f o r  a f r ac t ion  of the cost  we gain an  increased number 
of s9rvices: a double gain. The costs  of the minimum airborne unit  
a f t e r  R & D should be below $1,000, possibly down t o  t ha t  of a good 
TOR receiver of around $700, Then, we would have a m i x  of both VORTAC 
and VLF-Navigation f o r  the 1980-1990 era  with about 4 VIJ? s ta t ions  and 
reducing VORTAC t o  about 500 s ta t ions ,  The two coordinates and trans- 
missions w i l l  complement each other (Omega can be a DME-equivalency), 
and a l l  users  have backups, choices, and redundancy. 

A-16 



W -WI A 

~ ~~ 

IO-SECOND SAMPLl NG 

TABLE OR DIFFERENTIAL 
DIURNAL CORRECTIONS 

4000 TO 5000 mile 
BAS E L I  NES 

, 

FREBUENCI ES 
(THREE CARRIERSIF, ,FzrF3 

AVERAGE SIGNAL LEVELS 

ABOUT 3 TO 4 LINES OF 
POSITION ANYWHERE 

I O  TO 14 kHz REGION 

COMPLEMENTS 
4-STATION 
U.S. CON F I GU R ATlON 

DIURNAL CORRECTION 
AREAS ABOUT 5000 
( 2 0 0  nm x 200 nm) 

COVERAGE AREA 
(a ppro x i  m a t el y I 

2 0 0  million sq. miles 

60 mi I lion - LAND 
140 million -WATER 

s.- A 

4 STATIONS 

4 T 0  5 SECOND SAMPLIN 

AUTO MATI C DIURNAL 
CORRECTIONS WITH 
CENTRAL STATION 5th 

1500 TO 3000 mile 
BASELINES 

FREQU E N C I ES 
(THREE CARRIERSIFq,FS,Fe 

STRONGER SIGNAL LEVELS 

ABOUT 5 TO 6 LINES OF 
POSITION ANYWHERE 

IO TO 14 kHz NAVIGATION 
15TO 25 kHz DIURNAL 

CO M PLE M EN TS 
8-STATION 
GLOBAL CON FIG U RAT ION 

DIURNAL CORRECTION 
AREAS ABOUT 100 
( 2 0 0 n m  x 2 0 0 n m )  

COVERAGE AREA 
(o pproximatel y) 

4 mi I lion sq. miles 

3.5 mil l ion - LAND 
.5 mil lion - PERIPHERAL 

WATERS 

Table A-I. R LATIONSHIP OF WORLD-WIDE TO U.S.-ONLY OMEGA 



APPENDIX B 

S-Y OF TFIE GEXERAL AVIA!TIOX PROBIXM OF 1970-1980 

The s i tua t ion  faced by the  general aviation p i l o t  o r  
a i r c r a f t  owner (of  a i r c r a f t  cos-ting l e s s  than $20,000, probably 
about 50 t o  75 percent of the  general aviation population) i s  the 
following: 

1, 

2 .  

3. 

The purchase now (1970) of the SSR transponder gives him 
radar surveil lance,  services, and a coded message f o r  
identifying and acknowledging .ATC instruct ions,  but no 
d i r ec t  cockpit assistance f o r  t rack keeping and schedule 
maintenance f o r  separating his a i r c r a f t  from others on 
common tracks.  Nevertheless, SSR transponders are  s o  
popular t ha t  soae 1,500 transponders per month are being 
s o l d ,  Use of synchronized air-to-air reception can aid 
capacity and safe ty  of SSR-ATC concepts. 

Having acquired the transponder and already possessing 
VOR and VHF comm.mications under ce r t a in  circ-mstances, 
IFR f l i g h t  i s  possible. No ILS i s  needed except i n  low 
v i s i b i l i t y  conditions a t  the destination, n o r  are DME, 
Area Navigation, computers, o r  Area Navigation displays. 

IFR and controlled W R  t r a f f i c  loads w i l l  increase 
markedly, and t h e  SSR channel w i l l  become severely loaded 
( e l ec t r i ca l ly ,  operationally and otherwise). The close- 
control ( o r  t a c t i c a l  control)  concept of ATC i s  forced 
onto the  control ler ,  since the ground control ler  i s  now 
the  best  informed of a l l  ATC par t ic ipants ,  Often a VOR- 
airway ( rad ia l s  only t o  a few points but usual1 
where the  ATC o r  p i l o t  wants the a i r c r a f t  t o  goy z:kot 
be used, and the  p i l o t  i s  then llopen-looprl i n  the sense 
he i s  not following a cockpit displayed airway. When a 
cockpit displayed a i r  route is  displayed, the p i l o t  does 
the navigation and the ATC the separation and surveillance. 
Surveillance only (without cockpit navigation) places a 
heavy load  on both t h e  p i l o t  and control ler ,  since voice 
comunications i s  the only means of a minute-by-minute 
"close-control" by heading, speed, and a l t i t ude  changes, 
since t h i s  concept must assume t h a t  the d i r ec t  p i l o t  
guidance information i s  lacking o r  is inadequate. Here, 
a VLF receiver sui ted t o  multiple LOP'S and a synchronous 
system can economically a id  by giving an equivalence of 
DME, CLC, PdI, CAS, Area Navigation, air-to-air t rack 
sepakation, data t o  cen t ra l  displays, etc., a l l  with one 
addition ra ther  than a dozen additions. 
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4, The inevitable r e s u l t s  of s teps  1 and 2 are then 
operationally avoided, For ATC t o  close the loop 
as it should,  by requiring Area Navigation consisting 
of  a DME, range-mgle CLC computer, Area Navigation 
displsy,  dual VOR, e tc , ,  something about 5 times o r  
s o  as expemive as that  cal led f o r  in step 3 i s  involved. 
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